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Abstract 
The Hippocampus abdominalis is a member of the family Syngnathidae, 
a group by carnivorous demersal with an 
covering bony plates. Another feature typical this lineage is presence 
of a prehensile tail, which is terminated by a modest but functional 
caudal However, the seahorse is that its myotome is designed for 
an exclusively non-locomotory purpose. The unorthodox functional orientation 
of this structure is parallelled by exceptional swimming posture. and 
retleclts the transformation of the locomotory emphasis to the fin. 
In study, dorsal myotomal musculature was in tenns 
of histochemical and ultrastructural evaluations. Quantitative analyses were also 
","'c.,,,,,, out to content fibre 
proportions of 
the 
these nV(~Sn1!:al:I0I1S were Jlv""'''':Vll to locomotOlY 
mode the animal. 
The investigative techniques revealed four muscle types; not all 
which were present entirely homogeneous These were 
distinguished on the basis glycogen content, lipid content, oxidative enzyme 
U.VUVHV and stability myofibrillar ATPase at light 
level; and the ultrastructural examinations at cellular level. 
principal features were noted: the complete absence rnA TPase 
labile slow-contracting red fibres; the of oxidative musculature any kind 
In myotome; and presence of a substantial population tonic fibres in 
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the myotome. These fibres were present in uniquely high proportions, 
displayed a dimensional variation which has not previously been 
Furthermore, they differed in terms of certain details their ultrastructure. 
The oxidative fibres the dorsal contained the greatest 
proportions of in unusually high proportions for oxidative muscle 
per se. 
Fibre diameters the 
different. In addition, an 
length was 
muscle types were in 
in of 
cases, significantly 
fibre types with fish 
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General Introduction 
are the largest and most vertebrates, 
period at more 500 million years old. The earliest 
'-'LLJ''''U.A''' are limited to fragments and teeth. but excavation of 
Ordovician strata bas produced virtually skeletons of fish-like 
which became the principal form of the Devonian period-
the . The geological record evidence that these 
ancestral 
types, a 
classes had 
were represented by a number and often specialised 
j:;"j:;"'-",,.., that even at this point of the primitive 
The 
classified as 
a respectable antiquity (Wootton~ 1990). 
osteichthyan (bony fish) of the Devonian are 
considerable til,{J' ... r(:ifi,"'~t'inn 
which collectively Sarcopterygii (the np.:n".L.L,U,"'''''' ....... ,,,, ... ...,'" 
major adaptions critical to the emergence of the ...... .,..,~..,."1 ..... whereas 
characters and the ray-finned their archetypal 
gave rise to 
saw the expansion 
terrestrial groups. 
in origin; the vast majority 
advanced halecostome 
The modern descendants 
.u..>Ll ..... "'. the teleosts. 
occurred during which 
major radiations of phylogeny the 
to McFarland (1985), the are polyphyletic 
representatives probably 
before the time of the n .... 'n"' .. 
clades are divided into 
four 
varymg 
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size and of which basal stock is represented salmoniform 
teleosts now both and systems. are 
represented by over 23,000 species (Wootton. 1990) and account for nearly 
of all (Nelson, 1984). Of the living species 58% are marine, 41 % 
live in water, and migrate be1ween fresh waters (Moyle and 
Czech, 1982; Bone, 1989). 
teleosts mastered in water, 'V'-'A'-', .... UlL .. dUl5 virtually every aquatic 
habitat covering over 70% of the surface. wen as """"'01"1",, in the 
conventional domains of ponds. the open ocean, 
have overcome the challenges presented to by environs, 
high Antarctict and in warm waters of high and 
low oxygen. Associated with this wide of habitats adaptations, 
an extraordinary variety of body shapes and life-history patterns (Nelson, 
1984; and 1966). fish weIe typically SPlllldlie-
shaped streamlined, but evolution seen considerable diversification of 
w..l".llH,," of form 
retain the traditional tusltorm 
1978) 
Modern 
1). 
show a 
of the individual. The 
body <:>.u.O:;l"' .... Lindsey, 
of locomotory types which complement 
and ext,ent of teleost diversification 
evident is a consequence countless interactions environmental 
challenges biological characteristics individuals in each particular 
u.u'~u~~. Constraints by the IDOlphology physiology of individual 
relative to specific environment effectively define the mode of life. 
The properties water are an influential of 
and function because of the relationship between body form effective 
SYIJGIIATWOA'E 
(SYII6NA lHlfO~Mt~1 
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1. The diversity of teleost fonn (Lindsey, 1978). 
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propulsion water (Bone, 1982). a medium locomotion, water both 
advantages and disadvantages outlined by Lindsey (1978), place quite 
different constraints on aquatic creatures comparision with terrestrial 
counterparts. Water is about 800 denser 6500 times more viscous than 
air, properties ensure not only structural morphologies are entirely 
different from those on land, hut that modes of locomotion will too. 
buoyancy of water aq'Jatic animals from the limitations imposed by 
gravity on land; consequently fishes not strong internal skeletal 
structures to support their weight against gravitational forces and to eXJ)euu 
energy to keep from sinking. Minimizing constraints of structural weight 
economics gives scope development of extra muscle streamlining. 
essential efficient locomotion through water. Additionally. presence 
a swim bladder in most fish provides buoyancy so they can suspend 
at level in the column with a minimum of 
expenditure. Of course its disadvantages as 
viscous (frictional) opposition movement: drag is IT"""""""" 
In the course of evolution, fish developed numerous ways of 
overcoming challenges presented by water as a locomotory medium. Their 
diversity ensured expansion of many variations the use of body 
structures and fins specialised ways of swimming (Wardle and Vide1ier. 
1980). Differences in piscine locomotion differences in the lifestyles and 
of the (Blake, 1983; Boddecke et ai., 1959; 
Gray, 1968). 
In all however. locomotory propulsive force is provided by co-ordinated 
'-LA .... """""'" contraction and relaxation, the thrust is to the 
surrounding medium by the (Lindsey. 1978). various locomotory 
were first described some 
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by (1926), and be discussed 
further in next The most common form locomotion 
however, by of the or myotome, termed carangiform or 
caudal locomotion. Other fish swim using specialised paired and unpaired fins 
and with (Lindsey, 1978) (Figure 
Whatever mode of locomotion1 two dominant swimming behaviours may 
commonly m have interpreted by several 
proponents (Wootton, 1990; Lindsey, 1978; Webb and Weihs, 1978;) as sustained 
"cruising", and rapid swimming "bursts/I Quentin Bone (1966) originally defined 
concept of the propulsion system, which emphasises the idea that 
fish have two separate independent motor systems in myotomes, which are 
m to sp ecific of 
In that a fish may exploit 
locomotory ........... "'-...."" 
which contract 
a 
range swimming 
of differentiated 
their 
(fibre) types 
Johnston (1980, 1981) n",,!:("rn'u·· 
four main types these slow twitch oxidative (termed tlredll), 
glycolytic (termed IIwhite"), slow twitch (pink), tonic 
(small diameter) fibres. fibre type can 
cellular ".,.. .. " ........ ,"'. 
terms of 
A .. ""i-.... '-£> they can be 
identified by means histochemical and 
1974). As previously outlined. different 
analyses al., 
fibre types are recruited 
different purposes. speed swimming utilises white muscle fibres, 
speed sustained activity is effected red fibres (Bone, 1966). In 
addition, many have developed (pink) muscle which are 
recruited to enable a smooth transition between the "low!! and "high" 
SVstenlS (Johnston el al., 1977), although little has done on these 
fibres (Johnston. 1981; Davison and Goldspink, 1984). Some fish do not po~;se:)s 
8 
any muscle at all, relying exclusively on pink fibres oxidative 
locomotion (TuHoch, 1990). 
The relative proportions the various muscle fibres are known to be 
influenced by the mode life of the fish (Boddecke et al., 1958; Greer-Walker 
PuU,1975). proportion oxidative fibres in the myotome is ~''''.''_'~~ 
in active pelagic families and lower in active, bottom dwelling and those 
which primarily use the finsfor locomotion (Tulloch, 1990). The present study 
the locomotory musculature 
unusual representatives of the latter category, the 
one of the most 
Hippocampus 
abdominalis (Figures 2b). 
The of this graceI1LU creature make it one of the most 
and delightful fish found anywhere in world. Unique physical appearance, 
long coiled tail and portly body of the seahorse are further complimented by 
nature its tail the highly 
innovative in 
no discernable u..""·Vu..lU'L'Vlt 
become 
u ... ~ .... '-'.'-" ........ pIs,cea,n purpose, employing 
Instead, it has 
the animal 
attach itself securely to a suitable it easy to forget 
that the this unorthodox creature are no miscarriage of design 
or construction, but simply an example of the remarkable diversity of modern 
piscine forms. 
The sea horses belong to order Gasterosteiformes (Teleostei), defined 
as the with soft rayed order includes the sticklebacks, 
flu temouilis, bellowsfish, trumpetfish and those of family 
Syngnathidae, the pipefishes and Syngnathids are classified as small 
carnivorous demersal fishes with an external covering of bony plates 
(Reproduced 

(Francis, 1988). They are most 
although some are found in 
are 
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shallow tropical 
......... '~'I'''''' waters. The .... v.c. ........ or so seahorse snf~lf~S 
only one species, Hippocampus abdomina lis I 
which is throughout the 'Zealand T'1"<J1r.n also in 
Australian seas (Thompson, (Figure 3b). 
The syngnathids are poor swimmers and most more or less drift 
current. .ovc:an-tall is effected by rapid undulation the dorsal fin or by fanning 
the pectoral Pipefishes swim a typically 1-'."" ........... horizontal position, but 
seahorses in that they 
swim v ..... "' .... ' ..... is important 
their 
inhabitat 
coastlines, from low tide 
1982). They are usually 
or 
crustacea as 
adopted an upright stance. A 
buoyancy control helps to for 
covered areas harbours and sheltered 
down to depths about 50m ( Cox, 
resting, anchored securely to with their 
near cover. Their diet 
are sea floor 
or seaweed. The ,:" ...... 'uv ... "' .... captures slowly and 
inflating its cheeks and in order to the animal. plays 
an part in as no resources to 
only the "'.""AA",.,AAL surprise. Accordingly, body usually 
the colour seaweed seahorse inhabits, varying from 
brown to greyish yellow through gold, usually with dark "'A"'.L~U have 
projections which 
body of 
pectoral fins present. 
to blend with their surroundings. Females 
tend to be more squat in posture (Thompson, 1981). 
IS compressed only the dorsal and 
species po:;se:iS a rudimentary it 
in Hippocampus a bdomirul lis . """",i .... ., are modified into a series of 
Figure 
11 
3a. Modes of locomotion 
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teleost (Lindsey, 1978). 
The New Zealand distribution of Hippocampus abrJominalls. 
(Reproduced with permission from Chris Paulin and Clive Roberts), 
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protective bony which are firmly '"''V ....... '" Teeth are and the gill 
head. Male openings are a small pore on dorso-Iateral side 
seahorses a brood pouch on underside or on the 
abdomen, as in case of H. a bdom ina lis. 
No information is available on growth or maturity .. "''''r ........ '' of the life 
. 
history of seanOl:ses 10VlltVc:;r it is J£Tt£,urn that their spawning usually occurs in 
the female to which incubates the spring1 
them in pouch until they are ready to be .... AJJ"-'.L'''"''''' Fertilisation 
probably occurs the time of 
30-50 days; following which the 
abdomen _,..,_ .. ~_ a hard object 
fish emerge developed vVjLUW,J 
horizontally; then later take up 
The lengtbof a 
mm. 
200-300mm (Thompson. 
The eggs hatch ...... ,."' ..... the pouch 
are ejected by the male pressing his 
them outa 
with prehensile 
characteristic 
is 100-150 
abdominalis 
at a time. The young 
At first they 
position. 
approximately 
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seahorse is an interesting animal to study because of unique physical 
r-tPonciNI"C As locomotory shifted the myotome to 
pectoral and fins, one may reasonably expect that myotomaI muscles 
may been altered as a especially considering the prehensile 
nature the tail. studies have implicated small diameter fibres 
a postural (Davison. 1?83a), so it is possible that may constitute a 
significant proportion of myotome. as animal typically 
swims slowly and does not appear to be capable of rapid bursts of 
may little evidence of slow (oxidative) muscle in the dorsal fin. 
date, virtually no work has carried out on the tail or locomotory 
fins of any of the species of seahorses. No studies whatsoever have been 
recorded concerning only New Zealand (Thompson, 1981). 
The 
locomotory 
in relation to 
determine locomotory 
was "'-.... < ........ ,.U'L,. and COIDI),Ue 
ultrastructural analyses were to 
myotomal and locomotory musculature. 
myotomal and 
ern(1)l()yea to 
of 
14 
The Locomotion of the Seahorse Hippocampus abdominalis 
Introduction 
teleost varies considerably between and within !::n~'r,u',,= 
with order to understand the functional '''''I5,uUJ' ..... al-''''''' of 
a SDe:Clt:s locomotory musculature, it is essential to 
SWlmrnllllg and in doing so, identify the mechanical .... .-r'np'rn'~c and 
locomotory type . 
... """" ............ ,'-' 1926 synthesis IIrfhe Locomotion 
Hr''''I1~·,1'' produced an extensive description of the 
fish as weII ~s an analysis of 
locomotion. undulatory m()llC)DS 
anguilliform-typical highly tlClr10I'C 
half a wavelength; carangiform-undulations llnllltC:(l ... , .... .:"."." 
bending into less half a wavelength; ostraciiform-body 
undulation of the caudal fin. The anguilliform-
carangiform-ostracilionn refers not only to movements the whole bodY1 but 
to dorsal, anal and pectoral although additional names were 
swimming modes a species which 
undulations along long-based can be 
to the anguilliform undulation body. 
The classification of locomotory is 
mode and implies no evolutionary or LaAUll'J1l11'" 
in a manner analogous 
to propulsive 
rationale for this 
is similar nveJrOOV]laIJ!lIC <JI.U,<A.v,,, ........ may applicable to which 
m the same way regardless respective diverse phyletic origins. In fact 
convergence on one swimming mode by taxonomically remote groups 
been frequently noted, for example locomotion is anguilliform both in 
lampreys and blennies (Lindsey 1978). 
These cornerstone principles have remained quite relevant to todafs 
thinking. However) Webb (1973b, 1975); Breder (1926); and Bainbridge (1963) 
have these to average types an essentially 
continuous of swimming modes and should not be applied too rigorously. 
This conclusion was drawn as there exists an 'observable graduation from multi-
waved undulation through progressive and eventually concentration 
propulsive movement, and also, individual species of fish may show more than 
one mode SWImmIng (Davison, 1983b; Davison and MacDonald, 1985; 
Starling, 1985). example is the perch Cymatogaster aggregata 
which usually 
caudal fin locomotion 
appropriate (Webb. 1973). 
switches to 
are more 
While significant advances have made in the ~mderstanding some 
swimming modes, majority not progressed beyond Breder's 
Following Gray's 1933 classical description locomotion in eel, numerous 
quantitative obseIVations been made relating body and fin 
movements to speed, whereas in contrast the more complex 
locomotory patterns involving paired non-caudal median fins have been 
largely avoided. The that propulsion patterns are so diverse has not 
influenced the trend that studies fish locomotion have concentrated on the 
relatively simple mechanics body/caudal propulsion (Bone, 1989; Davison 
and Goldspink, 1977; Greer-Walker and Pull, 1975; Blake, 1978; Webb, 1973). 
Studies of llVjCl.~'V,a.u\..o. fin propulsion such as 
balistiform and tetraodontiform modes of SWll1lllDUlg are best understood when 
reconciled with a knowledge of mechanics. Essentially, 
swimming methods evolved with the development of versatile propellors 
provided by fin moving on universal While the fins of the primitive 
sharks and rays can only tilted or moved or down, most teleost fishes 
possess remarkably flexib]eapd versatile musculature, especially those which 
have reduced their myotomal locomotory The are positioned 
vertically. have flexible jointed rays (lepidotrichia) which are supplied with 
basal muscles that enable the fish to fold the fins, and to make delicate 
propulsive movements. intricate fin structures permitted only the 
advancement of innovative locomotory methods, but remarkable diversification 
of individual patterns of life. Their is worth 
appreciating in interests of understanding their structure and complexity. 
The .... ....,,"'-'u;'v a hystiff 
spokes of a or swivel to 
internal supports bulied is of which 
can it one or more most 
tow hourglass-shaped radials or actinosts are '''' ...... '''''''' 
posterior margin of the scapula and coracoid of the Uc()IOlra 
is a 
vertical 
number is most often fOUf, but may higher or The radials of teleost 
pectorals are progressively from top bottom, and therefore when 
extended the fin to swivel about the anteriormost ray as an A nearly 
vertical for the fin allows fanning with the pectoral order to allow 
a stationary position. Rays the dorsal anal most 
correspond one-to-one with their internal supports can be erected, 
depressed or freely on a universal joint. The fin complex is 
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usually inserted into the fish as a self-contained without 
correS:ODrlOe]llce to the myomeres (Gosline, 1971). 
The evolution these '"''U' ....... ...,A fin as 
the Devonian when ray-finned fishes (actinopterygians) first became distinct 
the record. Earlier fishes were heavily armoured, with virtually inflexible 
a. feature which little scope efficient swimming or the exploitation 
non-caudal locomotory types. Loss of restrictive armour resulted in 
reduced acceleration resistance (Webb and 1979, Webb 1982c) 
enabled development of and subsequently paired fins. is no 
evidence of the V"',,,,""'" of fins, although it seems probable those the 
gnathostomes (jawed fishes) arose lateral dermal folds. seen on certain 
Upper Silurian anaspids (Moy-Thomas Miles, 1971). Adaptations fin and 
as well as resulted in '-'u, ........... """· .... 
and overall efficiency of noo-
caudal (transient) ';;'W,lQlJUUU.lF, p,ert1omlan:ce. 
area enabled of 
the fins conferred ability manoeuvre 
Modern fish fins a great variety form function according to the 
individual design of the fish and its mode of life. The recent teleosts show 
optimal structure slow swimming; pectoral fins have migrated dorsally 
their ventral position, while pelvics have forwards to 
lie more or below the pectorals. These locations provide for a variety 
of propulsive and control that have been important penetrating a 
diversity of habitats 1937, 1953; Alexander 1967; 1971, 1980). 
However it appears that specialisation has made some cost to 
18 
performance (Hobson and 1978. Webb 1982b). 
In contrast to anguilliform or carangiform fish (particularly pelagjc species), 
these specialist · .."MIlTl1rn are obliged to spend much of their foraging at 
low speeds. 
capable of brief 
of the ostracillorms (the gymnotids and notopterids) are 
of high-speed swimming the anguilliform mode (Blake 
1982b), but typically most specialists are incapable of attaining considerable 
velocities. These fishes tend t~ forms which are unsuitable for high velocity 
locomotion. whereas fast-swimming fishes are characterised by a streamlined 
body ~ being so, they are designed to exploit the use of and 
acceleration to catch prey and "il>V.~UJ'v enemies; a recurrent feature in modern 
fish. 
Nevertheless, the of rapid locomotion are not necessarily 
essential for the successful interception of food or the evasion of Many 
slow <:urlm,rn coral 
catch their prey; some a:re 
slow swimming 
speeds releases these 
streamlined body form; 
fish do not require speed rapid acceleration to 
while 'V ...... VAU> on benthic or 
swtmmling at low 
display 
the capture prey, while those that escape predators with high-speed 
responses are compensated for by the protection of armour or poison. fact, 
although some undulatory fin swimmers have retained a 1;ypical piscean profile. 
most are characterised by unstreamHned and body ... 'V."LLl"'. 
The Balistidae and Tricanthidae are covered in rough scute-like and 
possess retractable dorsal spines, whereas the Ostraciidae (cowfishes and 
trunkfishes) are protected by fused bony plates, as are Syngnathidae, the 
pipefishes and seahorses. Other families such as the AJeuteridae may not possess 
armour but are unpalatable to enemies or even poisonous; the boxfish, Ostracion 
19 
ensures its by "'l";;""'''llL~ a highly toxic substance into 
water. 
The evolution of protective adaptations has considerable 
diversification and refinement of undulatory and oscillatory median/paired fin 
locomotion. Since low-speed swimming the opportunity for precise 
manoeuvert the exploitation of niches unsuitable for employing other 
locomotory modes may be undertaken. Undulatory and oscillatory fin swimmers 
are typically most competent manoeuvre. often capable turning on 
their own with no translation of body, or moving backwards 
as wen as they do forwards. capabilities permit invasion of 
structurally complex habitats which by nature finely tuned control 
for the efficient utilisation of available resources, such as nutrition and shelter 
v,....u.~&."''''.., pelagic designed efficient steady 
cruising to perform relatively poorly in manoeuvre Scombridae (Blake 
1976). in bony evolu tion .... Al~.n to locomotion involve 
C1e~ugIls for SIOiw-:sm~ea Dn~Cls;e HIOV'eIlJlen 
those 
tAU1'll1t"$i., slow SWllnUnltlg and ... H ..... U ............. .... n.nt"li",('u over manoeuver 
attributable not only to development of versatile fins but also in part to 
the refinement of buoyancy. (1982) suggested neutral buoyancy was 
an essential feature of slow swimming and precise manoeuvre, but many slow-
swimming capable fine manoeuvre are negatively buoyant. fish 
are to swimming order sufficient dynamic lift may be 
generated (Magnuson 1978). In the lift forces required to counter 
excess weight over buoyancy are actively generated by the The advantage 
of negatively buoyant benthic fishes is frictional forces between the body 
and the substrate are· generated, which the fish in holding position 
20 
(Alexander, 1966). 
While it seems that no hard and fast rules can applied in this matter, it 
does appear that regulation of buoyancy is crucial precise locomotion. 
Control of both the amount lift and its distribution the length of the 
body imparts the ability hover manoeuvre. features are critical for 
the avoidance of detection capture by predators as as discovery and 
interception of prey in many therefore, variables such as depth in the 
water attitude posture must all monitored. Many nODvcaudal fin 
swimmers are adept at controlling . amount centre of buoyancy, 
producing particular attitudes so that in appearance and posture they 
the vegetation and Vieda 1979). Hippocampus its 
relative Siphostoma, the pipefish have developed this to the extent where 
it is pivqtal to their mode life. inconspicuous attitudes and movements 
typical of such interrelate with physical to help ensure 
successful 
. Aspects as a 
factor in median/paired fin egg 
transferral where compensation for cent weight __ '''~p,, __ 
body of the fish relative to gravidity and subsequent or young expulsion 
are all dependant on precise control buoyancy. it is not surprising 
that all undulatory and oscillatory fin median and paired fin swimmers are well 
accorded in department; the seahorse is no exception. In every aspect 
precisely controlled locomotion, animal displays considerable 
accomplishment and is therefore worthy of further investigation. 
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The purpose of this section of the study was to determine nature 
classification of the locomotion the seahorse Hippocampus abdominalis in 
relation to specialised of locomotory and behavioural 
characteristics were observed and recorded, as revealed by simple visual 
the aquarium, and by prompting demonstrations of predator 
evasion techniques. 
Preface to Methodology 
Body morphology and swimming place a number of 
locomotory musculature, hence it is necessary to obseIVe swimming order 
to determine the functional significance of their muscle physiology. However, 
there are two I to out. 
1982, Webb and Weihs stated that fish shapes had evolved partly 
to hydrodynamic requirements~ eg low and other 
modifications. theory has since recent studies have 
implicated the existence of at least two different functional trends, each leading 
to a different form: one sustained (steady state) motion, the other 
for transient movements. 
analytical 
locomotory 1ypes may not .......... vvLl''''U.. 
The 
tunnel (swimming machine), a 
for the of 
be applicable representatives both 
was the potential use of a 
device which the 
swimming speeds at different velocities measurement the 
critical swimming speed (V-cdt). These analyses, which are often employed in 
locomotory descriptions are only appropriate steady 
methods where the fish are to swim at a constant 
locomotory 
in one 
(Lindsey 1978). transient swimming methods are by their nature unsteady, 
any results obtained from transient swimmers by method would 
unquantifiable and misleading; therefore that employ the modes of 
locomotion are entirely unsuitable experimentation this 1ype. 
accordance with these guidelines, no such investigations were carried out with 
seahorse, which unequiv~ably a transient swimmer. 
Secondly; as the following section of the chapter will endorse, the fins of 
seahorse are known to move extremely rapidly. and thus it is difficult to evaluate 
their has always posed a problem, fact until 1942, the forces 
produced by the vibratory fins to propel the seahorse had never been 
analysed carefully (Breder and Edgerton. 1942). such as Schlesinger 
(1911) had discussed the locomotion in terms, but the high speeds at 
which were and consequent difficulties in interpretation 
were to prove insurmountable the pursuit of an The 
development of high-speed motion pictures and still photography provided a 
functional and practical tool with to effectively access the detailed study 
phenomena this type. 
However, in this particular study, it was not that such detailed analyses 
were necessary as the fundamental aims the were to the 
musculature of seahorse relation to locomotion, not the precise 
mechanics its mode swimming. 
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Materials and Methods 
(Hippocampus abdomina/is) are readiJy available all year round. 
are ,known to survive well in captivity. For the purposes of this studYt they 
were c9llected by trawl from Lyttleton Harbour, Christchurch. animals were 
transferred to the aquarium· of the Zoology department at Canterbury 
University, they were kept recirculating seawater at approximately 16°C 
and fed on brine shrimps. They were determined to have overcome the stress of 
and their new if they accepted food, which they did. 
The locomotion of Hippocampus abdominalis was investigated in the aquaria 
where fish were maintained. Initially. the general behaviour and locomotion 
of the animals was ... ""<' ........ 1"'11 as 
they were 
by mild prodding 
prised from 
occurrence of such an event. 
two I'>"....".,.M 
moved about normally in the Secondly, 
... a •. .., ..... u.~ situation 
to deltennlllie 
were performed in escape 
responses could be noted. Information was recorded and subsequently 
correlated with data future sections of this study. 
25 
Hippocampus abdominalis is a relatively fish, spending most of its 
attached to the seaweed on which it its prehensile The tail 
was to play no discernable propulsive role in swimming, although fairly 
large do enable the to its centre of 
gravity. was not observed to function in was actually 
swimming. The tail can best be as an 
the to fasten itself securely to an appropriate vantage point. 
;::,e':ln()rsc~s are normally found attached in this way to seaweed fronds, and 
were observed to as 
significant locomotory activity involved 
except when they were threatened. 
aD'oellfCU to be '-'V,Lt.,""..,' 
forced to 
fish are seen to do. Their only 
exchange locations, 
of attaining speeds achieved 
Furthermore, they appeared to be incapable of 
velocity, often to return 
responded by vigorously lashing its 
The locomotion of the "' ...... a.u.v' 
substrate. seized, 
back and forth an attempt to ..... ""-,0.'"" ...... 
was effected by rapidly 
fins and dorsal fin, the latter providing thrust for locomotion. 
aid, as they were only ILl ..... : ...... , .... to be more of a 
exclusively when the was ",.u.'v,u'J'l to seaweed; however 
pectoral fins usually also function as The dorsal 
were the only employed in locomotion as H. UU,UU,'H£I'£UI,W possesses no anal 
and neither ventral or pelvic fins are on any of seahorses. 
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During locomotion, waves were passed downward both 
dorsal which were seen to move extremely rapidly. The was 
able to move backwards by the direction in which the waves travelled 
along the dorsal (Figure 4). seen in many undulatory oscillatory 
median and this ,animal was capable of extraordinarily 
precise and versatile despite the that it was incapable of lateral 
flexion. 
Figure 4. Demonstration of undulatory wave passing down the dorsal fin 
and 1942), 
Discussion 
Observations the swimming behaviour were simplistic in that factors such 
as the fin beat were not (this would have 
high-speed cinematography). However, the data obtained can be used to 
determine the functional of the locomotory and myotomal 
musculature, and to draw comparisions between abdominalis and one of its 
relatives, as as other of 
As pointed out in an earlier section of this study, Breder (1926) that 
nomenclature could used to 
to flexures in the dorsa1, anal. and pectoral as weI! as whole body. Harris 
(1937) has subsequently shown that the characteristic myotomal contractions of 
a swimming eel-like have 
ofllie as 
once again by (1926) as IIshort-based 
the greatly restricted 
the locomotion 
swimming. defined 
propulsion. 
exclusively fin of locomotion, aQJIUL'''. 
characterised by slow, precise manoeuver. Although lacking both the 
propellor mechanism speed, locomotory equipment of such 
swimmers, with manifold attributes, for an adjustment of fine 
spatial relationship. extent which this is displayed by the seahorse is a 
and welladeveloped Jocomotory apparatus. 
outlined, the swims by passing undulatory waves extremely 
rapidly the 4~~""'~ of its dorsal and pectoral fins, the providing most 
the propulsive force. and Edgerton (1942) found that individual 
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in dorsal and pectoral fins of the seahorse may oscillate back and forth as 
fast as 35 times per second. and that undulations in the dorsal fins may as 
many as seven advancing IIfrontstl. in locomotion (speed, 
position in column) may be attained by altering wave length, amplitude 
and of propogation of waves (which were normally seen to of the same 
velocity both the pectoral and dorsal fins, although obviously this relationship 
not always hold, for there is much differential use of fins in 
fishes). Breder and Edgerton also contended the individual fin rays 
appeared to move through cycles at speeds approximating those of animals 
of comparable although pointed out these with which 
seahorse is being compared do not operate in a medium nearly as dense as 
water; therefore the muscular effort is naturally much 
locomotion the is by ~"'U"'I"~ 
WI"""',,",",,", norm which have ,",AJ.''''<J'',"",~ the exploitation of its 
of deviation from the .. h'".. ... ·"" 
animal possesses a '-'U'...,'u","v tail, but even L1''-'''-''U':>'.H~;::' have retained the 
caudal and a more I-"""""''',ll appearance and lifestyle. Hippocampus has 
become modified to an even further extent, 
inactive mode of life in which the resources 
virtually been discounted. 
has adapted to all essentially 
speed and acceleration have 
The transferral in locomotory emphasis speed to has 
parallelled by the transfiguration of its physical form. combination with 
rugosity, the body shape of the seahorse foons a distinct impediment to speed; 
in fact the entire design is practically antithesis the ordinary streamlined 
fish. Rapid velocity is impossible that no conceivable locomotor equipment 
that body of a seahorse could it 
to proceed at any than a slow speed. Such variation 
hydrodynamic blueprint has long been documented as incompatible with 
oreaer (1926) stated that there were only a limited 
that a aquatic fonn may take, and that only variations narrow 
limits were possible without. a sacrifice of speed, In support of 
it that groups of fish that are fast swimmers, is much 
U'-"CIVJLl<:U body form than there are in details not of a locomotory 
lack of speed "is just one nOD-
with an extensive array which often 
serve to disrupt outline of the fish. The armour 
is a further example of 
aLUVa..l interlocking of factors integral 
for the 
costs of 
eUipsoidal shape commonly noted 
conducive to the reduction 
thus a compromise between the round 
of cross-sections for 
spend more time 
narrow body sections. 
body of the seahorse. 
IUIIClllOlllS as an 
1974). Actual "'lU'''V'''''' are 
_ ............ "'"",LUb drag and the 
and turning; therefore 
and moving slowly tend to have 
may be,nicely observed in the 
which probably contributes very little 
a semi-stationary in drag. In any case the "' .... :u;.,J. 
which the economics of are not very influential. 
The unusual form of 
camouflage, once unfettered 
evolved as a functional 
associated with an 
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of Since Hippocampus no resources of speed and 
which to catch its prey or .... ...., ... .u .. ''''. it is inordinately 
reliant on maintaining an inconspicuous pursuit of 
Although at first glance the seahorse might 
........ ,""' ... noticeable, it is probably unlikely to "'''''''''''I''r unwelcome attention because 
.V .... , ..... "',UlV' of predato~s to pursue familiar patterns of prey shapes and 
Furthermore, its irregular profile (exaggerated in the male who 
young) and associated colouration are an effective camouflage. and 
a capable of the surrounding Seahorses are known to exhibit 
•• .... ncnll- behaviour, :in which the G>1"'t",p'-rUiP,n""~<:' individual colour camouflage 
are enhanced by the of appropriate 
These attributes CII4eCtllVei up the physical outline of 
therefore enabling it to convincingly into the 
"" ..... ""'-''-'. the slow, n,..,'"'''''' mlOVlem,ent to 
movements made; they are 
and are capable of independent operation. 
evolu tion of locomotion of the seahorse is iliought 
are 
developed in armour and prehensile tail. The 
external carapace T\Trunr .... I"'r.,m .... ""1I"I'~<;If'1fnn for the method 
in two principal ways; firstly, it ::I<:!(';'HIT~ in camouflaging but should it be 
detected, it minimises posed by the majority those 
assaillants with sufficiently are able to shatter 
and even so, predators previous gourmet experience of nrw""p" might well 
choose to look 
This armour 
for a more profitable or palatable 
detriments, although the "''-'CL.uV~ has evolved 
of surmounting them. It effectively prevents 
locomotion of most bu t as the seahorse 
'"'v .... u,,'~ movement, its skins often far 
enabling it to invade structurally 
consequentially, these .,u"" ......... "" .... _,lv<3 are 
.... "'",>.AV'''"' critical to 
well-developed 
of fast-speed 
habitats. More 
not only in that the 
benefits of streamlining are lost, but that it is resistance 
, , 
is increased and structural weight economics are perturbed. characteristics 
are potentially detrimental for the seahorse; however it is fundamentalIy 
designed for a benthic, inactive mode of in which speed and 
acceleration are not the importance acceleratory assistance IS 
minimal. Furthermoret prehensile tail overcomes the problem 
accentuated 2ra~VltauoncU rr~,..~'·c by providing a means the animal to "'A.A'~""'~4 
itself and forage any level in the water without the 
maintenance of COltlSllOelra 
curren4 a with tide 
than waste pn, .... 'rnl attempting to it In as 
these of which cryptic behaviour is a 
camouflaged background is undesirable as it 
from selected 
the presence the .... u.u.J. .. "' .. 
to pH~aa.toI·S; therefore the prehensile tail is critical to the 
concealment well as acting as an prTP,..""'''' defense against displacemen t, 
the tail selVes to confound attempting to pry it and as it is 
capable ,lQ.O,U ...... lF'. violently back and it functions as a should its 
grip be overcome. Large movements are also to change the 
centre gravity of the animal as it hovers, and its 
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manoeuverability. 
conclusion, locomotory method of seahorse is thought to 
accountable for the unorthodox appearance and mode of life of strange 
creature. It is also hypothesised to be responsible for the small size of all the 
of its family. For mechanical reasons, rapid vibration of locomotor 
parts in terrestrial aquatic is limited small creatures such as 
hummingbirds weight-length ratio the power neA~essar 
move a surface, increasing the required mass muscle to 
impossible proportions as absolute reaches a limiting Another 
factor in restriction of is that any community, the 
<LU'U .. ,,'''''' environment is in dimensions by the circulation of water as 
wen as solar radiation (nutrients). hypothesis is supported 
by the distribution patterns of the largest seahorse SDf~C1t~S which are found in 
populated by giant kelps, 
smaIl floating ClU.mJtS 
1942). 
Sargassum 
The 
Introduction 
The great majority of teIeosts propel themselves by a .......... Lu'"'''ua .. .lVll 
movements of the caudal fin and the backward of transverse waves 
the body (Lindsey, 1978). These processes result from the 
musculature, built around the flexible notochord archetypal of all 
1989). 
axial musculature is divided up into myotomaI units by I.,UJll.lH;;,vl..lV\;;< 
partitions. Contraction of some or all of the myotomes on one 
in the lateral 
(Wainwrigh 1, 1983). such as the ;:)\#Q.UU,I which do not employ 
the myotome in locomotion, the 
equivalent to the caudal fin (Lindsey, 
to bend the body, muscles inserted into contract 
an appropriate direction, and propel the fish in 
it to travel (Lindsey, 1978). 
of and elasmobranch locomotory musculature is 
myotomes form a series of overlapping cones, and the 
insert into a connective tissue sheath or myocomma 
fibres within the myotome varies both along the 
the vertebral column (Alexander, 1969). In general, 
superficial fibres run parallel to surface whereas ... ...,'''"'.."J. fibres 
up to forty degrees the long of the body, and arranged a spiral 
...... J<."" ... ""LIl is thought to muscle fibre 
within myotome to contract at the same speed, to allow similar degrees 
sarcomere shortening at different body flexures. This enables optimal overlap 
between thick and thin filaments allowing the generation of maximum tension at all 
depths within myotome, and hence optimum of operation (Bone, 
1989). complex folding of myotomes is also to 'optimum 
fibre packing in a wide-bodied fish (Alexander, 1969). 
myotomes show a phylogenetic in complexity from amphioxus to 
te1eos15. According to Bone (1982), this trend is paraIIelIed in individual teleost 
ontogeny, where the myotomes form as Vashaped blocks folding further 
to the W shape. However, despite the that musculature 
organisation and fibre orientation patterns are hardly unsophisticated, this tendency 
complexity is Dot of distribution. The 
heterogeneous 
locomotory muscles is ","p."·"'e'l" fish, a anatomical 
fibre within the myotome (Bone, 1989). 
According Kaufman (1983), the evolutionary of the 
lower vertebrate LAJU'JLUJ;;. pattern the higher terrestrial vertebrate mosaic 
is directly related to effects of gravity. which restricts development of large 
blocks of a muscle type that is only for occasional use. 
Profiles of fibre types do, however, vary accordance with trophic 
demands. Dana Ono and Kaufman (1983) four main fibre distribution 
single zoned. mosaic zoned-mosaic. The occurrence 
patterns in some fish branchial is usually associated with generalist feeding 
patterns, a fact which that muscles are initially single fibre type 
muscles exposed to complex functional demands, whereas the typical zoned 
configuration for different muscle types (Dana 
Ono Accordingly, the pattern and number of fibre types 
present a 
to play. 
unit varies depending on the role it is expected 
(1966) 
to have 
later VJLp;c:UJ"" ........ 
muscle patterns in protochordates and fish and 
fibres were of a single type. They are thought 
cells along the length of the body, which were 
YOl:onles electronically separate from each other. With 
the 
the diversification of locomotory 
mV'OSC~DLIU a.ev(:!;!O[)mc:mr and serial activation of the axial muscle 
became implemented. These innovations eneCllve 
of "'Li:)YU'~L ""'"'L ..... V." .. wo to 
to species, depending on mode of 
as the electric fish Eigenmania virescens, which 
fish~ such 
fin mediated 
trunk mu scle 
in their axial 
different routes for 
characteristic colours, red ATP 
and 
have only a single muscle fibre type (white) 
1986). Nonetheless, most fish have at 
These fibres operate on different 
and are commonly described by 
they are most correctly .... VLJllV 
two 
of their contractile 
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nature. 
Electromyograms have established that red YI",rnf.n of the myotome is 
active when the swims slowly, while under 
activity is seen in fibres (Johnson et 
cruising conditions no electrical 
1977). The white muscle is 
employed bursts of transient activity. It ,..,. .... " ...... ·t"" by the propagation 
of action potentials, and typically contracts rapidly, hence term 'fast' fibres 
(Bone, et aI, 1978; JohnstQn,et aI, 1977; Kilarski et 1982). In contrast, no .... V~.1.VLl 
potentials ever been observed in the 'slow' red fibres, which are driven by 
long-lasting F'r" ........ ,,,r-r.nn evoked by depolarising agents (Davison, 1983a; Johnston 
et ai, 1977). Differences contractile profiles are important in determining not 
specific of the fibre types in locomotion, but the physiology the fibres 
themselves. 
Con traction of musculature is thought to be best described by the 
filament hypothesis, which involves overlap between filaments 
and Wyse, 
(ATP) 
groups), originates 
depending on of 
molecules adenosine 
glucose or 
protein "" ...... " ... "" 
.u...u.L~,",''-', the main protein found in the region of M-line, stimulates 
of a group phosphocreatine to adenosine diphosphate. 
operation provides the power needed for contraction. energy yielded produces 
a movement of the myosin head; actin is pulled past the myosin and 
the thin filament is further the A band. Consequently, sarcomeres 
during contraction (Hill and 1989). 
Muscle contraction depends on the availability of ions, which is 
regulated by the sar'CO):llal;mllc a well 
consisting of segments tubules "' ........ {,,"':..,r..'j,;u,&1"> each A.LI VVLLIU. Near 
junction of what is usually teleosts to be the z-Hne, the 
confluent, fanning flattened "'""'''''~'''''''''''' structures called terminal cisternae, which are 
associated- with another membrane system~ the transverse tubules. Each tubule in 
the T-system originates as an invagination of the sarcolemma, and a 
system that surrounds each ,myofibril at the z·line. The whole is 
KTIc)wn as a triad. Depolarisation is initiated at a ,",UL...,HlI.1 
cell, and is transmitted to 
triad is situated by the enzymes of 
junction on the 
.... "', ...... v reticulum at the 
v ..... ,c,uv.JU ... "' .... uu. located in the 
depolarisation of the sarcolemma an inward spread of excitation 
to myofibril at the point of L.r u ........ effecting the release of 
ions from the terminal cisternae into the the thick and thin Ju."' ...... ,ll 
they bind trolDOInn. a 
back PYlir .. "..,. .. contraction 1989). 
force of contraction is " ..... """"' ...... by recruitment of 
muscle fibres (Lindsey, 1978; .ll>Jv. ... v. 1989). Since white LU."'~A"" 
U'<"""'LlY present in large numbers, potential recruitment is high, and 
contraction may be considerable. In contrast, the oxidative 
musculature is terms of expansive development. It must be supplied with 
oxygen, the availability of which is limited by area 
Consequen tIy, fibre recruitment is relatively white 
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muscle, and of contraction are less significant (Johnston et al.. 1977). 
success bimodal locomotory is by the extem;lve 
exploitation a wide range of power outputs from axial muscles, over even 
speed ranges. universal distinction between slow red aerobic 
employed ,in slow sustained cruising, and the speed anaerobic used 
burst swimming indicates not only that this system is established among teleost 
but that it must have appeared early chordate evolution (Bone, 1989). 
differentiation of muscle into various fibre types is determined by 
specific innervation 1978; Bone, 1989). Red muscle fibres fin 
LUI.A.~H~'" in all possess a distributed cholinergic of innervation defined 
as endplates all the muscle fibres (Bergman, 1964; Bone and Ono, 
White muscle exhibit 
only on the myoseptal ends of 
1961; and Ono, 1982; 
fish families (1982) has 
primitive or 
Osteoglossiformes and 
terminal pattern 
is thought to be derived. 
some as the 
(1970) of innervation 
may even serve as a taxonomic character, as none of the more modern 
acanthopterygians have focal innervation, and of orders that are considered 
primitive as the only the SaImonidae are multi-terminally 
innervated (Bone, 1970). 
In addition to differences patterns innervation and and white 
show and metabolic differences, which are eVlCleJlt from time 
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of their formation (Bone, 1978; van Raamsdonk et aI., 1982). The fast 
(white) fibres by glycolysis (Bone et al., 1978; Johnston et 0.1., 
1977; et ai, 1982); a feature which is reflected in all facets of 
character. an oxidative energy pathway, their vascularisation 
is relatively is little evidence of myoglobin or of oxidative enzyme 
activity, and sparsely distributed mitochondria. 
en~~lescharacteristic of anaerobic glycolysis are higher 
in white observed red fibres. The fact that anaerobiosis is not 
on~~~A.~."lla u~'r~n'~ilA~ll 
distances eliminates the limitations nYl'nn., ... " 
to a certain extent Correspondingly, the ""' .... ' ..... ,,'''_. 
white """""""AAA.'V"" more than 300 Ilm; and vary 
typically constitutes the bulk of the mv'o[()m1e. is 
not only of the substantial relative size 
it is functionally to 
1978). a .... ,,~,_~_. nnU!PT "" .. +n.d: slow-
an n."':T"""'''' 
Consequently, rapid fatigue of the white 
force required for rapid bursts of speed, 
3CC'IlID1LU311on of 
and while it 
Johnston et al., 1977; Kilarski et al., 1982). 
slow-contracting red fibres do 
are 
.... ..,,,, .... .,.... (Bone et ai., 1978; Johnston et 
mitochondria and blood vessels. the 'VAJ!."" ...... 
at a sustainable level. 
an oxidative enzyme 
1981). Packed with 
fibres is extensive 
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order to enable the utilisation aerobic lipolysis or glycolysis as a means to 
. obtain ATP (energy). 
slow fibres typically comprise a major proportion of the muscles and 
a reIatively minor component of the myotomal body muscle (Davison 
McDonald, -1985; Johnston, 1983). are as a thin superficial strip (and 
in some species, notably tunas, a deep internalised strip). which constitutes between 
0.5 and per cent of total muscle, depending on and mode of life 
(Greer-Walker and Pull, Red fibre proportions are typically highest active 
pelagic and m active, bottom dwelling fish those which 
primarily use locomotion (Boddecke et Greer-Walker and 
Pull, 1975; Masse Hudson, 1977). Furthermore, from within the same 
develop more if they are PVG>''''l'l", ... n (Bone, 1978; Davie et al.. 
1986). 
In myotome, red fibres run parallel to the axis of the in a 
peripheral wedge to and Totland, 1978; 
et al., 1975). to 
pigment, cytochrome c, glycogen are 
usually in 
and size (only 20-50 percent 
diffusion oxygen. These properties capacity of red for supporting 
slow speed sustained aerobically (Patterson Goldspink, 1972). 
HistochemicaL ultrastructural, electrophysiological and biochemical studies all 
support the view the the fast fibres are specialised for anaerobic glycolysis 
bursts rapid sw:imming~ while slow fibres are designed 
sustained aerobic operation cruise (Bone, 1989; et 1978; 
Johnston el al., 1977;). There seems no reason doubt duality function 
in gnathostome axial muscle is archetypal of chordate phylogeny; however there are 
aspects overall picture which question this concept and are worthy 
further consideration. In particular, the·origin and functions the other types 
remains a topic of debate. 
Many possess a transitional zone of (pink) fibres, 
sandwiched between the outer slow red fibres and the inner fast white fibres, which 
appear to intemlediate in mitochondrial and (Johnston, 1980; 
Scapolo and Rowierson, 1987). Electromyographic studies indicate that they appear 
to be recruited at swimming speeds intermediate between slow cruising and 
maximum burst speed (Davison and Goldspink, Johnston et al., 1977). These 
results, together with the fact that they are usually positioned between the red and 
white groups (Johnston, 1980; Scapolo Rowlerson, 1987), inspired 
speculation that the pink muscle a smooth transition between the ~Iow' and 
gear (Davison ... n·~",",''''U. 1984; et al., 1977). 
""~iI!>'1'''''''''' rely exclusively 
on """" .. 'n ... ,",' locomotion ..... "-"', ... 1990; 
to complicate the ...... "'''''''AJI'' "' ........... ...., ... have demonstrated 
display considerable variation and which are 
undoubtedly related interspecific functional requirements (Mosse and Hudson, 
1977). Furthermore, pink muscle may present more than one population in 
the musculature (Tulloch. 1990; Akster, 1985; Mosse and Hudson, 1977). 
different fibre populations are probably recruited in response to different 
locomotory requirements. 
,u.U.: ..... UJli ..... \.U ... '" ..... fibres are the only fast rnr.rrl:ll to have 
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implicated in other than archetypically role. While the and 
motor systems are certainly functionally separate in lungfish) lampreys, 
Amia, amphioxus, and some primitive teleosts. as the eels; according to 
Hudson (1973), Johnston, Davison Goldspink (1977) Bone, (1978), 
red and white of certain species are recruited at sustainable swimming speeds. 
In fact; some fish, certain muscle fibres have developed functions which have 
little to do with locomotion, that mode of swimming has facilitated its 
development. Some members of the Scombridae such as the skipjack tuna have 
.......... C.\"'''' ..... red a feature with counter-current vascular 
exchange. This exceptional musculature 'enables elevated red muscle and brain 
temperatures to be maintained over a wide of ambient temperatures. 
presence such fibres in myotome is an adaptation to extremely active 
lifestyle of pelagic fishes (Bone, 1978b). 
A non-locomotory 
also suggested. It has 
a liver, 
(Braekkan) 
for superficial red 
proposed that the 
white 
muscle a contractile function, cVlaellce 
reducing the 
has V.LU' .... LL.V .... persistently r-rUlrrrn,,,,''''''''''' 
of some "v.l';';V"'''''' 
fact functions as 
pr()rn1Pte:Q many 
idea 
Further muscle fibre types have also been reported, depending on the 
investigative technique employed individual fish species. In some fish, there are 
muscle which are charactelised by the fact that dimensions are 
smallest of all the Logically, they are known as 'small diameter', or tonic 
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(Komeliussen et al., 1978; van ... ,"" ......... "u\.. ...... I:\. et al .• 1980; te Kronnie et aI., 
Kilarski and Koslowska, 1985). These fibres typically have relatively few 
mitochondria. and rates of contraction are thought to be slow 
and Koslowska, 1985). Other tonic fibres with similar properties but a much larger 
diameter have been described several freshwater teleosts, such as 
Gasterosteus (Kilarski and Koslowska, 1983). 
The tonic have been subject to relatively little investigation. It is hard 
to establish what role they play, although they have compared to the postural 
of mammals, may in a similar way in teleost (Davison and 
McDonald) J ohnstoD, 1981; te Kronnie et al., 1983; Morgan and Proske, 1984). 
In view of their contractile nature, morphology and typically low proportions in the 
the suggestion they play any role in locomotion be 
questioned. 
The object of this sec;uon was to det:ennin 
in myotomal and Hippocampus 
abdominaiis, and 
to be identified on the basis of their histochemical staining for metabolite stores and 
enzyme activities. The fibre types also exhibit distinct morphologicaJ and 
fine-structural profiles which may when by a 
electron microscope, and which provide a further means with which to identify the 
types present 
In histochemistry, red fibres glycogen 
stain very ligh tly myofibrillar ATPase 
to be by the ...... u"fil ....... II'" preincubation technique (Bone~ 
1978; Kryvi Totland, 1978). 
In contrast, white fibres have low glycogen and lipid stores stain for a 
predominantly anaerobic of characterised by high glycolytic 
enzyme activity and low oxidative enzyme activity (Johnston, 1980, 1981). These 
fibres are 'stable'; the withstanding denaturation over a 
preincubation times and levels. 
fibres are typically intermediate in their staining characteristics for lipid, 
~~ .. ,~_ and oxidative enzyme activities, although they are most stable the 
fibre types when stained for rnA TPase activity (Johnston et a!.. 1977~ Masse 
Hudson, 1977). 
diameter (tonic) fibres show little staining glycogen and low oxidative 
enzyme activity (IGlarski, Davison (1983). According to Johnston et al. (1974), 
tonic fibres display ('\,:ue-.'U~l·. Kilarski (1990) and Davison 
and MacDonald (1985) l.VU'~U study animals, did 
Although .l.H'· .. ,U"Wll'-' 
present, the possibility of a conclusion cannot 
(Eichelberg. 1976). Ultrastructural examination of muscle fibres is 
essential in order to confirm or deny data obtained from the histochemical 
Furthermore. ultrastructural analysis provides a more detailed comparison 
different types muscle fibres. Ultrastructural criteria for distinguishing '''-'l.'/V''''l.Al 
include numbers and qualities of mitochondria, structure 
arrangement of myonbriIs, and development of sarcoplasmic Other 
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features such as the of a "'-L .... '''''''''A Z-line white fibres to 
(Patterson and Goldspink, in deposition stored 
'metabolites (Bone. 1978a), aid identification process. 
the electron microscope, muscle are easily because 
their "large lack of mitochondria, rows of packed myofibrils 
and Goldspink, 1972). contrast, 
mitochondrial volumes irregular packing, of 
fibres are characterised by high 
myofibrils (Johnston. 1985). 
fibres are intermediate terms of mitochondrial volumes and myofibrillar 
V",,\.,.l\.LLL):; (Davison, 1983). Small diameter fibres not been thoroughly 
but to studies have shown that they contain 
degree of myofibriIIar (Bone, 1978; Walesby 
mitochondria~ and a 
Johnston 1980; Davison 
1983). Furthermore, they have a poorly developed sarcoplasmic reticulum, a 
which is not reflected the other fibre types. 
addition to techniques fOf identifying and describing fibre 
types 
comparision. Fibre ,.nUll""" 
cell components were 
in the study. 
The results obtained from section ofthe study enable a conclusive overview 
of the locomotory and myotomal musculature of seahorse to be made, which 
may subsequently be to (and by) locomotory 
and mode of the animal. 
Histochemistry 
Fish were captured and maintained as described previously. They were 
killed by overanaesthetisation in benzocaine in seawater. 
Blocks of muscle were cut from the tail at the tip, and at 
approximately mid point. Blocks were also cut from dorsal 
(Figure 5). 
Tissue was immediately in liquid nitrogen (-178°C)! and mounted on 
a cryostat chuck using compound (Lab-Tek Inc., U.S.A.). Blocks 
were then sectioned (10 urn) a cryostat Sections 
were mounted on cmrer~m 
were "' ....... "' ........ on one 
production. 
Sections were stained for lipid using Black Twenty minutes were 
allowed for the 
mounted. 
to incubate . .:sel:::tl()flS were washed 50% alcohol, 
were stained lCOJ~en using periodic method 
1960). 
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..., do 
d 
d 
Figure s. Diagram of Hippocampus abdominolis showing at 
which was dissected The dorsal fin, mid tail and 
the distal tail region. (Reproduced with permission from Chris Paulin). 
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activity of oxidative enzymes in the muscle cells was 
as a and tetrazolium (NBT) as the (Nachlas et 
al., 1958). This 
mitochondria breaking 
involves non-specific 
lactate to pyruvate and 
diaphorases in the 
'-' ....... "'u.u:. NAD to 
of this transformation are labelled purple by formazan. an insoluble salt 
formed from nitro-blue tetrazolium 1972). ..... v~J.V.L'" were for 
20 minutes at room temperature, then 2% and mounted. 
The activity of myofibrillar adenosine triphosphatase (mATPase) was 
emoDSitra.tea using a modification (Johnston et 1974) of the Gulli and 
Samaha technique (1970). The process involves an preincubation (18 
mmoVl calcium chloride, pH 10.0, 100 mmoI!l 221 buffer) for 5, 10, 
to sequentially UL£L"'LI the enzymes different or 20 
muscle with different physiological tolerances. seahorse muscle 
fibre was extremely "' ...... , ..u ...... so to rhf"1r"'''.>n the 
were preincubated at 10.5. Sections were then incubated 
for 20 in a 2.7 UJ.""A"'.fJ 
chloride, 100 mmol/l 
visualised by washing 
WN chloride; 100 mmol/l 
at pH 9.4 (18 ~'>A"~'J 
of 
ammonium .1.., .............. Sections were washed in tap mounted. 
were 
1% 
myofibrillar stain on the differing of the myosin 
enzymes from each fibre withstand denaturation pH, it 
is an artifact stain (Davison and Gulli (1973) demonstrated 
that the hydrolysis of in the histochemical reaction can result from 
activity of myofibriIs, mitochondria or both therefore be used to 
individual muscle fibres are or slow depending on intensity of 
staining the myofibrils. "'-"''-', .................. (1983) showed 
extracted from slow and fast had different sensitivities, a finding 
J ohnstoD et at. (1975) have that from 
non·myofibrillar ATP-ases is insignificant. 
Fish muscle is more sensitive than mammalian muscle to pH treatment 
(Guth and Samaha, 1969), thus preincubation levels are of paramount 
importance. certain amount c:f interspecific variability in the sensitivity 
fibres to inactivation. Masse Hudson (1977) found that preincubation at 
pH 10.4 for short periods of usually 70-80 seconds caused inactivation of 
most or fibres. of preincubation causes general 
inactivation bu t pink 
Guth and (1972) showed that preincubation at pH 4.35 
demonstrates res,en(;e of intermyofibrilIar whilst 
at pH lOA is relatively 
a pH for aeltnonstratm 
muscle. 
The 
to be """''''' ... ...,~" 
the sIow~contracting 
activity to the 
for actomyosin A TP-ases. was found to 
denaturation characteristics the seahorse 
of newborn animals, .un.",", 
of their ATP-ases; a 
of 
trend. characteristic is lost in of their soon 
for 
of the 'typical' 
birth (Guth 
and Samaha, 1972). 
Although concerns have voiced the reliability of this 
it is agreed that if the technique is in conjunction with other 
stains, particularly succinic dehydrogenase, some indication of the nature of the 
myofibrils can be gained. 
Ultrastructure 
Sman of were from the fish as above (see Figure 5), 
and immersed in 25% gluteraldehyde in 0.1M cacodylate 7.4. The 
tissue was left in this solution overnight, then in 0.2M cacodylate buffer 
pH and later postfixed in osmium tetroxide. 
Postfixed tissue was dehydrated in an alcohol series. then embedded 
Spurr's low viscosity embedding medium. Semithin (llJ.m) sections were cut on 
an LKB 8800 ultramicrotome and stained with toluidine blue. These sections 
were examined under an optical microscope fibre and orientation (i.e. 
longitudinal or After ultrathin (40-60 nrn) 
were cut and mounted on uncoated copper grids. The ultrathin sections were 
double stained an aqueous solution of uranyl acetate (30 mins) followed 
by saturated lead citrate (20 mins). washing the sections, they were 
examined under a JEOL 1200EX electron microscope. 
Proportions of types 
.. V"\.'U"-'jlLL • ...".u slides cross-sections were obtained from all 
sites as described (Figure 5). Dorsal and myotomal cross-sections were 
with the adenosine (mATPase) oxidative 
enzyme activity (NBT) stains to highlight oxidative, intermediate and 
glycolytic The slides were then mounted and photographed, and a 
transparent grid was over the to enable of the 
areas occupied by each 
of the muscle fibre were determined as 
percentages of the total musculature for the areas examined: dorsal fin, 
the tail region. and were evaluated 
three -+ ems, and ± 0.5 ems. 
AnANOVA was carried ou t on 
to whether "n"pr'<l<ln differences 
types in fin, myotome 
same test was to 
with nClreasmJ!, fish size were statistically significant. 
data 
fibre 
(p<O.05). 
Proportions of celn components fibre types 
proportions myofibrils. cytoplasm and mitochondria within 
muscle were calculated ultrastructural photographs, using a grid of 
dots superimposed on a transp~rent sheet and fitted over each picture. 
photographs of a reasonably representative stock of fibre were 
measured, with the the small fibres and inner white 
which were not observed sufficentfy high numbers to enable accurate 
to be 
ANOV A tests were carried out to determine if the differences between the 
percentages cell components the individual fibre types were statistically 
Fibre Diameters 
Sections stained for mA TPase activity were used to determine the 
diameters each 
(Figure 5). At 
of muscle In dorsal fin and 
fifty of each fibre type were measured from 
myotome 
distal 
mid tail dorsal sections, using a to determine which fibres 
each population to measure. were obtained with an eye-
piece micrometer. The length the from which the sections were taken 
ranged 19~29 em. 
An ANDV A was carried out on resultant data to determine 
observable differences diameters of different fibre 
were significant (p<O.05); and whether a significant between 
individual In 
Results 
Fibre types present in tbe dorsal fin 
The dorsal fin of the is a delicate structure. The fin 
through 
operate 
in the .. ..rt,,., ....... bony armour 1..1.;:)<..,1.\;,. ... which 
distribution 
appeared to be quite complex. 
observed dorsal fin 
fibre types were observed, not all of which 
were in homogeneous populations. which were seenm 
the myotome, not all 
dorsal 
to correspond .... "'I·t-I" with those B .... ',,. ..... ,, the 
to the a 
was (Figure 12), 
musculature. These fibres stained c'trr,\n'" 
6), glycogen (Figures lOa, lOb, lOc), and 
the results histochemical 
an entirely homogeneous LlVlJ ... Ua. 
the region rays 
not appear to 
as a gradual increase in fibre 
the periphery locomotory 
musculature was (Figures lOa). This trend was 
paral1elled by a levels of oxidative enzyme activity (Figure 6), 
and lipid. However, result from rnA TPase typing 
that be as a single type, defined as 
oxidative pink 
The mATPase also defin ed a type of At 
the oxidative pink muscle 
which stained lightly for 
lOb, 11a) and oxidative enzymes 
small blocks of larger 
14c, 14d), glycogen 
were 
6); and which were 
12). fibres were a block between the 
and a further (white) muscle fibres (see below). 
as pink intermediate 
In two populations. in the dorsal fin were 
substantial peripheral population was obselVed; 
to the dorsal fin rays. 
a smaller group which were 
were defined primarily 
tenns 
In 
(Figure 
are 
In contrast, 
also in terms of proportions 
staining characteristics were 
and did not stain for I!IV'CO~~en 
enzymes; (refer 
in tenns of all types of staining). 
white fibres were typified by 
se(~on,a population of white fibres were 
shape and small 
characteristics not 
and they were present in 
,","P'ln''''''' in white 
two groups 
The 
rays to 
myotomal tonic 
were small diameter fibres, 
white fibres. These fibres 
they were rnA TPase stable 
in the musculature. 
They were mA TPase 
lOb, lIb), lipids 
and dorsal white 
variable diameters. 
a regular; rounded 
numbers. These 
of the 
next to the fin 
not as stable as white or pink oxidative fibres. They 
with the 
14b), although 
from their 
enzyme 
fibres 
myotomal counterparts that they stained negatively 
activity (Figure 6), lOb) and lipid 
seen in the dorsal 
regular shape, in 
were also characterised by a and 
to the tonic myotomal fibres which were variable 
in terms of both factors. 
In fibre types within the dorsal a pattern 
rnA TPase was observed for pre-incubation durations of five (Figure 12) 
to minutes (Figure 14h); and at pH of 10.4 (Figures 13a), 
and 10.5 (Figu_res 13c, 14a. 14b). 
types nrf~Selll myotome 
The myotome the is' most unusual. The scales are 
among "''''' .... '''" .. fishes, in they are modified into a of bony 
plates. anal, and pelvic are not and the myotome 
itself is radically reduced to a narrow '-'u'",.u",u,-, form which is ineffective 
locomotion. Within this myotome, further cartilage structures bisect the 
at a consistent lateral line, and also 
oxidative 
(Figure 9b) and lipid 
those in the myotome). 
Figure 
9a), 
dorsal identically to 
second type was positioned peripherally, adjacent to the lateral 
midline the fish in a triangular wedge. addition, peripheral dorsal 
and (Figure 13a, 14a) were oriented at 
of the vertical They showed a moderately positive result oxidative 
enzyme (Figure 9a); glycogen 8b) and lipid, displayed 
myofibrillar activity 13 a, Be, 14a). 
The fact that fibres were positioned peripherally at the of the 
lateral 
activity, lipid 
However, 
myotome, 
glycogen 
positive _"~A_'''' for oxidative en~!:Vrrle 
~ .......... ...,u that they might been slow red 
examination virtually no 
mitochondria in these peripheral cells, therefore discounting this possibility. 
,uu.ln= to the contrary was the large range of variation in the Further 
of these fibres a population of uniform dimensions. 
, On the basis of these observations, 
diameter 
were ... "' .... u..n" ..... as a of tonic, or 
In distal region 
was observed. 
myotome (tail tip), the 'same pattern 
the ventral Wl>.:llfJe of small 
was much more pronounced 7. Be). 
The position of each type in the 1OTnJ,nTnrn was constant. 
fibre 
fibres 
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Figure 6. Dorsal fin muscle stained for oxidative enzyme activity. 
po = pink oxidative fibres, pi = pink intermediate fibres, 
w = white fibres, s = small diameter fibres. d = dorsal fin ray. 
Scale bar = O.2mm. 
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Figure 7. Distal myotomal.musde stained 'for ou datlve enzyme activity. 
t = tonic fibres, w = white fibres d = dorsal fin ray. 
Scale bar = 0.2 Dllll . 
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Figure 8. Mid myotomal muscl'e stained for oxidative enzyme aotivity. 
A. Lateral wedge of tonic fibres. t = tonic fibres, w = white fibres. 
Scale bar = 0.05 mm. 
B. Ventral wedge of tonic fibres. t = tonic, w = white. 
Scale bar = 0.2 mm. 
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Figure 9A. Mid myotomal muscle stained for oxidative enzyme activity. 
t = tonic fibres, W = white fibres. 
Scale bar = 0.2 mID. 
Figure 98. Mid myotomal muscle stained ,for glycogen. 
t = tonic fibres, w = white fibres. 
Scale bar = 0.1 mID . 
r 
5 
r 
, 
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Figure 10. Dorsal fin muscle stained for glycogen. 
A. po = pink oxidative fibres, pi = pink i_utermediate. 
Scale bar = 0.2 rum. 
B. po = pin.k oxidative fibres, pi = pink intermediate, 
w = white, s = small diameter. 
Scale bar = 0.1 mm. 
6 5 
Figure 11. Dorsal fin muscle stained for glycogen. 
A. po = pink oxidative fibres, pi::;::: pink intermediate. 
Scale bar = 0.05. 
B. w = white fibres. 
Scale bar = 0.05. 
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IniT""''''' 12. fin muscle stained for mATPase activity. 
(pH = IDA, pre-incubation time = 5 minutes). 
po fibres, 
w = white, 
bar = 0.2 mOl. 
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Figure 13A. Mid myotomal muscle for mATPase activity. 
(pH = 10.4, pre-incubation time:::: 10 minutes). 
t = tonic fibres, w = white 
Scale bar = 0.05. 
13B. Distal myotomal muscle for rnA TPase activity. 
(PH = 10.5, pre-incubation time::::: 10 minutes. 
t = tonic 
Scale 
w = white 
O.lmm. 
13C. Distal myotoma} muscle stained for rnA TPase activity. 
= 10.5, pre-incubation time = minutes). 
t = tonic w = white fibres. 
Scale bar = 0.2 mm. 
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Figure 14A. Mid myotomal muscle stained for mATPase 
(PH 10.5, pre-incubation time = 20 
t = fibres, w = white fibres. 
bar = 0.2 mm. 
1i'in1.~ ... D. 14B. Dorsal fin muscle stained mATPase activity. 
= 10.5, pre-incubation time = 20 minutes. 
= pink oxidative 
s small . 
bar = 0.2 mm . 
..... "" ...... '" 14C. 
= pink fibres, pI = intermediate. 
bar = OJ mm. 
Figure 14D. Dorsal fin muscle stained for lipid. 
= pink fibres, w white, s = diameter. 
bar = 0.02 mm. 
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of the muscle 
White fibres 
electron microscope proved to be an invaluable in the 
identification and of the muscle types. 
fibres and the myotome were identical. The 
myofibrils were a regular pattern (Figures ISb, 
ISc); enclosed by a voluminous sarcoplasmic mass bound by 
ISb, lSd). spaces in the myofibrils were fiUed with sarcoplasmic 
which was well-developed (Figures ISa, 15e). The 
were multinucleated, the llU'''Jl ...... being usually peripheral '-'Vl,V ..... 'W'J..,. .... were 
observed aU along mner lleJt1I)J:lcr,1U S,ifClljelll1lrta 
white 
contained while others 
did not (Figure ISb). No lipid droplets were seen in the white 
Mitochondria were Dot ",,"'''''''Aft 
........... " .. ,,''U. to the of the 
in substantial numbers. They were typically 
(Figures lSf). At longitudinal 
orientation, mitochondria were positioned myofibrils at the level of 
A-I junction. At the tenninaI point of the myofibril ribbon, they were 
z-lines (Figure 15d). 
(Figures lSd, 
The _"ueT"",rn was not 
fairly irregularly distributed. 
z-lines at level of A·I junction 
sarcomere were well-defined 
to be extensive; triads 
were at the level the A-I junction 
(Figure 15e). 
CoHagen was abundant 
often observed. 
extracellular space 15d). were 
Pink oxidative fibres 
pink fibres were radically different the white fibres. 
myofibrils were tightly packed discrete, weU-defined bundles, which were 
by of cytoplasm, and surrounded by mitochondria 
(Figure 16a). distances between myofibril bundles and sarcolemma 
were also observed 16d, 16e), 
The fibres were multinucleated, nuclei either (Figure 16b), 
or peripheral 17d). Nuclei were always surrounded by abundant 
mitochondria. 
Glycogen granules were evident throughout 
mitochondria in wel'e only observed to 
myofibrils, but to 
(Figures 16c, 16d, 16e). were 
at 
large; and well-developed, containing clearly-delineated cristae 
cell 
17f). At longitudinal orientation, mitochondria were also seen present 
within the myofibrils 17c, while surrounding the myofibrils 
17f). (At were observed to be aligned at the 
transverse orientation, mltochondtia were 
myofibrils). 
to completely the 
T-system was more extensive that of Triads were 
located at the level the (Figure 17f). The and were 
present 17c, 17f). 
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Caveole were at the cell periphery 
also observed within cytoplasm; again 
The oxidative were wen 
(Figures 16cj 16d). and nerve 
16f). Collagen and fibroblasts were 
17e). Large V'v.:..l .... H_'" were 
near the sarcolemma 
containing numerous 
often observed (Figure 
(Figure 
intermediate fibres 
The 
the oxidative 
of the intermediate fibres was 
fibres. However, populations 
intermediate fibres contained significantly mitochondria 
blood 
The were same pattern as in 
(Figure 18a). T~system was 
the white I8h, l8e); 
of the observed 
Triads were located at the 
to that of 
the 
18a), and 
oxidative cells 
compared to 
level 
~.tn.'·A 18bJ l8e). 
mitochondria were 
intermediate fibres as in the 
be as well-developed in the 
few 
All 
located at 
features of these 
the cell 
were identical to 
There were 
l8e). 
pink 
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... 'U' ...... _ fibres 
Tonic in the dorsal were ultrastructurally different in comparision 
to in the myotome. Dorsal tonic fibres were always hence they 
been referred to as fibres~ (an analogous title to 'tonic'). 
The myofibrils of these were enclosed a large area of cytoplasm 
extending to cell periphery (Figure 171:». myofibrils were tightly 
the reticulum appeared to well developed. Mitochondria 
were rarely observed almost exclusively peripheral 17b). 
T-system of fibres was not wen developed. Triads were 
at the junction. 
In contrast to the .... v.,"' .... 
a variable size (Figures 
myofibrils the 
19b, 20a). 'Ine area of (:ytoplasm 
was considerably smaller, 
sarcoplasmic reticulum between the myofibrils were not as large. 
of 
respects) as in others, the fibres the myotome were similar to the 
white Tonic were distinguished white fibres on basis of 
and by the fact that individual characteristic of 
transverse sections were different. 
The myofibriJs these fibres were tightly packed, a reasonably 
developed sarcoplasmic reticulum (Figure 19a). mitochondria were located 
both peripherally and centrally (Figure 19b). Nuclei were also located 
peripberally (Figure 19b), and centrally. Collagen was extensively distributed 
(Figure 19a, 20b); and fibroblasts were often observed (Figures 19a, 20b). Nerves 
were commonly seen. A nerve was the (Figure 
19a). 
the longitudinal orientation, the tonic fibres of the myotome were 
similar to the fibres. T-system was not as extensive as that the pink 
at A~Ijunction (Figures20d). Mitochondria were 
.. '-"-'<.I.L ........ witbin myofibrils, and oriented at A-Iju (Figures 20d, 
Mitochondria were not as highly developed as pink fibres. 
The and m-lines were both although the was 
jagged (Figures 20d, 20f). 
Single tonic of a different type were observed (Figures 20c, 20e). 
They were not considered to of interest this as they were in 
such insignificant 
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Figure, 
A. (TS) a muscle fibre. regularly packed 
myofibrils (mf) and wen-developed sarcoplasmic reticulum (sr) 
throughout. 
Scale bar = 1 jJ.m. 
B. TS of two white fibres. The cell on right contains more 
identified as black grains between the myofibrils. Note peripheral 
mitochondria (-). 
bar = 1 
of a white fibre, branched 
reticulum (~), and regularly un",""' ......... mVOIllOflIS. 
Scale bar 400 urn. 
D. Longitudinal section (LS) of fibre 
myofibril. Note mitochondria (m) "wavell 
pattern of the edge is probably an artifact 
Scale bar = 500 nm. 
E. of a triad (t), located at the a-i junction (ai)} the characteristic 
location for triads white fibres. AJso of note; the (z), 
reticulum (s). 
Scale bar = 200 nm. 
F. TS of mitochondria (m) 
(z) Note caveolae (-). 
Scale bar :::: 200 nm. 
'.,. .... , .. TlT to the junction, next to the z-line 

Figure 16. 
A. Transverse section (TS) part of a oxidative fibre. 
the numerous mitochondIia surrounding the myofibrils (m), and 
dispersed throughout the cytoplasm (c). 
Scale bar = 2J.Lm. 
B. TS of pink oxidative fibre. the middle of the picture is a central 
nucleus , by mitochondria. 
Scale bar = 2Jj.m. 
c. TS of 
developed 
a capillary (c). 
Scale = 500 nm. 
D. TS of a capillary near Note 
numbers of 
Scale bar = 21J.m. 
E. of peripheral mitochondria. Note of 
cytoplasm the myofihrils and cell edge (TS). 
Scale bar = 4J.Lm. 
TS showing nerves (n) near the of an oxidative Also 
of note; a nerve ending (ne), a fibroblast (t). located near 
Scale bar = 400 nm. 
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Figure 17. 
A, TS pink oxidative Note developed mitochondria (In), 
located in close proximity to the sarcoplasmic reticulum 
muscle bundles. 
Scale bar = 200 nm. 
B. of a small diameter fibre 
Scale bar = 200 nm. 
C. Longitudinal 
mitochondria not only surround 
them. They are oriented at 
the dorsal fin. 
a pink fibre. Note that 
myofibrils, but are also present within 
the z·lines. 
(-+). 
is probably 
cell. 
E. of pink cell a large elongated 
mitochondrion. Note well-developed cristae. v a large 
Peripheral caveolae (--) are found along the entire distance of the cell 
edge. 
Scale = 500 nm. 
of a pink VAJ( .... UL. 
the the 
Scale bar = 200 nm. 
Mitochondria 
(z). Note 
triads (t) are oriented 
glycogen (g). 
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Figure 18, 
A. of a dorsal intermediate fibre. Note identical myofibril 
but lack of mitochondria in fibres; in comparision to 
the oxidative fibres. 
Scale bar = 400 nm. 
B. of intermediate pink fibre. Note well devol oped mitochondria (m), 
and triads (~)) at level the (z). 
Scale bar = 1 JJ.m. 
of intermediate fibre. Note expause cytoplasm (c). 
myofibrils (m), and sarcoplasmic reticulum (s), and mitochondria 
Scale bar = 1 
D. LS of intermediate pink fibre, showing triads (t) at the"" ........... 
Scale bar = 200 nm. 
LS intermediate pink fibre. Triads and mitochondria are oriented 
at the Note the large expanses of sarcoplasmic reticulum near the 
periphery the 
Scale bar = 111m. 

Figure 19. 
of a tonic fibre from the myotome. -;> sarcoplasmic reticulum. 
Also of note: (t). amounts collagen fibrils, and 
a nerve tract Cnt). 
= 400 nm. 
TS of a larger tonic fibre the same of the mV'OUJme 
24a. m = mitochondria (also the presence of 
mitochondria). -> = peripheral nucleus. 
Scale bar = 400 nrn. 
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Figure 20. 
A. TS of a tonic fibre: 
Scale bar = 400 nm. 
B. TS of a fibroblast (f) near the periphery of a 
Note large (n). vast of collagen (0) (a 
product of the fibroblasts), are typical of tonic 
Scale bar = 500 nm. 
TS of a fibre a different type. These fibres were very rarely 
seen. On the of this they were not thought to playa significant 
role in the musculature. Alternatively, appearance may be an artifact 
of the preparation. 
Scale bar 1 ~m. 
D, of fibre. mitochondria (m) located 
sarcoplasmic (sr) between myofibrils Triads 
located at the level a-i junction (ai). Also of note: 
well-defined m-line (-). 
bar = nm. 
E. another unusua] tonic fibre type, containing wide channels of 
sarcoplasmic reticulum and large mitochondria (large -). note the 
contracted cell membrane (sman and the surrounding field 
collagen (c). 
Scale bar = 1 
TSofa elongated mitochondrion (-'» positioned at the a-i 
of a tonic 
bar = 500 nm. 
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Ultrastructure of 
Vascularisation 
levels of vascularisation in the seahorse muscle fibres were 
differentiated according to fibr~ type. 
In accordance with their relatively scarce mitochondria, lipids, and oxidative 
enzymes, white fibres displayed very little vascularisation. The pink intennediate 
and fibres also showed limited Pink oxidative 
were the only group in which blood vessels were to a significant extent. 
In the oxidative pink muscle, arterioles were rarely however capillaries 
were numerous and in 
with the muscle 
situated in a groove in 
commonly observed in small 
cell (Figure 21c). 
were always seen close association 
direct contact. many they were 
2lb). Capillaries were also 
more than one 
Pericytes were often observed, located between 
sarcolemma (Figure 2Ib). 
The 
capillaries were always associated 
21a, 2Ib, 21c). 
collagen and fibroblasts 
were composed of a single layer of endothelial cells joined 
by desmosomes (Figure 21f). Their walls contained no muscular or fibrous 
Pinocytotic were in considerable densities throughout 
the endothelial extensive channels within cytoplasm. Theywere 
distributed to the periphery of the cells 21f). In addition, caveolae were 
to be present; located specifically at the level of the cell membrane 
(Figure 2If). 
by 
at contact 
seen at 
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were occasionally observed (Figure 21e). The endothelium of 
to that of the capillaries, and was 
The endothelial lining consisted of cuboidal 
basement membrane. These endothelial 
lumen of the arteriole, and were held 
approximate midpoints of the cell waUs. 
to thickness of the point of contact .... &>' .... u".n 
areas of contact, one desmosome was 
by 
of 
but 
of a thicker surface area, two to 
<::n~~rl"11 interoals. Mitochondrial 
"""'." .... '..,"''-, ...... ~ ... could be 
structures were not wen evidence of 
of smooth muscle was seen to 
by a basement membrane. Outpockets 
separated 
functioned to 
by sparse anchor two layers. The smooth 
filaments on the side 
were 
were also more 
larger 
,-,'_n,HUV"'\.,U of a single 
and a smooth muscle 
2Ie). 
or were 
epithelium, instead of thick cuboidal 
Figure 
the musculature. of a capillary located a 
groove the cell periphery. Note that myofibrils are not always located 
close to the 
Scale bar 1 !-lm. 
Bo Another (larger) capillary, also located 
endothelium. Note the profuse coHagen 
fibroblast); and pericyte the 
and vessel 
Scale bar = 1 Ilm. 
of a capillary 
muscle 
Scale bar= 1 IJ.m. 
in a small 
in a groove of the 
tissue (and adjacent 
of contact between cell 
two oxidative 
TS a large venule, located between two oxidative fibres. 
Scale bar 1 lim. 
TS of an arteriole, found in an area of white muscle fibres. 
Surrounding is a layer of smooth muscle (--). 
Scale bar 1 
TS part a capillary, showing the numerous vesicles (large arrow), 
peripheral caveolae (small desmosomes (spot 
welds) joining adjacent cuboidal cells (d). 
Scale bar 200 nm. 
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Innervation 
Nerves were frequently observed in the extracellular space, especially in 
of the oxidative pink They were identified 'racetrack' 
appearance. Some were myelinated (Figures 22a. 22b); while were not 
(Figure 22a). 
Numerous neIVe endings were observed throughout the space, 
always dose contact with the muscle cells (Figure 22c); and sometimes fitting 
smooth depressions muscle (Figure 22d). No in the 
sarcolemna were observed. 
collagen fibrils. 
and nerve endings were surrounded by 
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Extracellular Connective 
One ,of the most striking of the extracellular substance was 
extent connective and the profusion and development of the 
fibroblasts. The coHagen fibrils were in large fields 
surrounding the 20b)~ the blood (Figure 21e), 
the nerves (Figure 16f). only nerve tract the between the 
nerves were filled with (Figure 
Associated with the tremendous amount of tissue the 
extracellular were widely distributed fibroblasts, the cells most 
commonly found in tissue 22f, 22g). 
The fibroblasts were characterised by abundant, irregularly branched 
cytoplasm lots endoplasmic reticulum, a well golgi 
and a large} nucleus with a Dn)mmen 
VLU' ............ (Figure They were ~t".·.~nl'" 
22f} 22g). 
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Figure 
A. of a nerve tract within tonic Note myelinated 
nerves (m), unmyelinated nelves (u), collagen (c) interspersed 
between the nelves. The entire nerve tract is sUlTounded by a membrane 
and lots collagen tissue. 
Scale bar = 1 
B. TS of a myelinated nerve. Nerves are identified 
patterned myelin sheath. 
Scale bar =: 200 nm . 
their 'racetrack' 
A nerve 
nucleus (n), 
.... v.:u"u.J.u .. ,u close to the periphery (TS). Note 
and attendant collagen (c). 
bar = 500 nm. 
a nerve situated an endothelial depression in 
Note desmosome (-::-). 
= 200 nm. 
fibroblast 
Scale = 1 j..l.m. 
of a fibroblast. c = coHagen 
Scale bar 500 nm. 
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Proportions of types 
The proportions of different fibre types the 
investigation (see Figure 5) are shown in Table 1 and 
provides' a source of eomparision between different fibre 
SpecIes. 
of 
regions of 
Table 2 
fish 
The proportion of oxidative musculature in the dorsal fin was noted to 
increase significantly as the fish increased in size (p<O.05). was no 
musculature myotome wnaISoe'ver 
Proportions of white fibres the dorsal fin were recorded to be decreasing 
with increasing fish length (p<O.05). However, no significant variations in the 
proportions of the the white~ fibre subpopulation, 
or the intermediate fibres of the dorsal fin were observed to be occurring 
as fish 
In mid tail region~ were observed to be 
at a ~'''''~'A' .,..-.<..' .... .J ems) and to 
ems) only (p<O.05). This trend was by a significant decrease in 
myotomal tonic fibre proportions between these two size classes (p<O.05). 
Between (23.5-24.5 ems) and (28.5-29.5 ems), no significant 
were observed the fibre proportions of tonic or white 
trends observed in the distal tail region parallel the results from the mid 
tail Proportions white fibres were lower (p<O.05) in the 
dorsal fin that either the mid or distal tail regions. Proportions of white 
fibres latter two myotomal were not significantly from 
other. Proportions of tonic fibres in the mid tail region were also not 
significantly different from those in the distal tail region. 
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Table 1. Proportions of different muscle fibre types of Hippocampus abdomlnalis. 
Fish size class (em) 
Dors.alpink avg 
oxidative st.d 
Dorsa! pink avg 
intermediate st.d 
Dorsal total avg 
oxidative sed 
Dorsal white avg 
(myotomal) st.d 
Dorsal white avg 
(Dear rays) st.d 
Total dorsal avg 
glycolytic st.d 
Dorsal avg 
small diameter sed 
Mid tail avg 
tonic sLd 
Mid tail avg 
willte st.d 
Distal tail avg 
tonic std 
Distal tail avg 
while sf.d 
215-225 
39 
13 
7 
2 
48 
12 
4.5 
2 
15 
0.5 
33 
1.2 
67 
3 
35 
2 
65 
1 
235-24.5 
41 
9 
8 
2 
44 
7 
5.5 
1.2 
1.5 
0.5 
25 
2 
75 
2 
28 
2 
72 
2 
28.5-295 
45 
11 
7 
8 
42 
14 
4.5 
3 
1.5 
2 
27 
4.5 
73 
7 
29 
6 
71 
5 
Pooled 
data 
49.0 
3 
49.3 
3 
1 
0.5 
283 
3.g 
72 
4.2 
30.7 
3.7 
69.3 
3.8 
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Table 2. Proportions of myotomal red muscle (per cent total muscle) for several 
fish species compared to the myotomal red muscle proportions of Hippocampus 
abdomi1UlJis. 
(AIl p.v,.. .. "',. for Hippocampus from Walker and Pull, 1975). 
Family Mean % red 
muscle 
Syngnathidae Hippocampus abdominalis 0 
Scombridae Scomber coHos (Gmelin) 29.8 
scombro.s 18.8 
Oupeidae encrasicolus (Linnaeus) 17.2 
Afout follax 21.5 
Sardina pifchardus (Walbaum) 28.9 
Caraogidae Trachuro.s trachurus (Linnaeus) 18.3 
Sparidae Page/bAs bogaravea (Brunoich) 15.7 
Cycloptcridae Cyclapterus lumpus (Linnaeus) 14.8 
Mugilidae Crenimugillabrosus (Risso) 14.5 
Squalu.s aconrhias (Li.n.naeus) 14.3 
Ammo dytidae Ammodyte.s mannus (RaiH) 12.9 
Cheilodipteridae Epigonis telescopus (Risso) 12.7 
Gadidae Gadus palifossou (Risso) 12.6 
Gadus (Linnseus) 11.7 
Gadus Iuscu.s (Linnacus) 12.1 
Gadus millilus (Linnaeus) 11.5 
Gadus pollacJdus (Linnaeus) 3.3 
Gadus virens (Linnaeus) 10.8 
Gadus morhua (Linnaeus) 17.0 
Gadus aeglefinus (Linnaeus) 12.5 
Brosme brosme (Ascanius) 1.9 
Phycis blennoide.s (Brurmich) 24.9 
Merluccius merluccius (Linnaeus) 5.5 
Molva ma/va (Linnaeus) 1.6 
GaidropasalUs (Cloquet) 9.7 
Ciliata mUSlela 13.0 
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Table 2. (continued). 
Family Sp1!Cie!l mean % 
muscle 
Syngna thida e Hippocampwhdominalis (red) 0 
Argentinidae Argentina silus (Ascanius) 113 
Argentina sphyraena (Linnaeus) 75 
Zeidae Zeus faber (Liunaeus) 93 
Pleuronectidae Limanda limanda (Linnaeus) 10.3 
Plaiichlhys flesus (Linnaeus) 12.0 
Pluronectes platessa (Linnaeus) 11.4 
Microstomus kilt (Walbaum) 9.8 
Glyp/ocephalus cynoglossus (Linnaeus) 9.9 
Hippoglossoides plaiessoides (Fabricius) 7.0 
Hippoglossus hippoglossus (Linnaeus) 1.6 
Morinae Mora mora (Risso) 10.0 
upidon eques (Gunther) 7.5 
AnguiUidae Anguilla anguill.a (Linnaeus) 8.8 
Soleidae Solea solea (Linnaeus) 10.9 
Buglossidium luteum (Risso) 5.4 
Osmeridae Osmerus eperlanus (Lirmaeus) 6.2 
Mallows villosus (Muller) 8.5 
Bothidae Scophlhalmus moximus (Linnaeus) 11.1 
Lepidorhombus whiffiagonis (Walbaum) 3.3 
Lop hiida e Lophius piscatorWs (Linnaeus) 7.2 
Triglidae Eutrigla gumrmius (Linnaeus) 6.3 
Aspilrigla cuculus (Linnaeus) 7.6 
Macrobampbosidae Macrohamphosus scolopax (Linnaeus) 6.4 
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Figure 23. Proportions of the different fibre types in Hippocampus abdominalis. 
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Percentages of cell components 
The results of this section of the study are presented in Table 3 and Figure 
24. Table 4 provides a source of comparison to other species of fish. 
Percentages of mitochondria were found to be significantly higher in the 
dorsal pink oxidative muscle fibres than in any other fibre type (p<0.05). 
Mitochondrial densities were not significantly different between the other fibre 
types in the dorsal fin. 
Mitochondrial densities were not significantly different in any of the 
myotoma] white or tonic fibres, except for the distal tail white fibres which were 
significantly different from all the otber groups in the myotome (p<0.05). 
The percentage of cytoplasm in the mid tail white fibres was not 
significantly different from that of the white fibres in either the distal tailor the 
dorsal fin. Neither was it significantly different fmm that of the tonic fibres in 
either region of the However, of tonic 
fibres of both myotomal regions were significantly different from those of both 
subpopulations of (p<O.05). In the percentage of oxidative 
pink cytoplasm was significantly lower than 
(p<0.05). 
of the intermediate pink fibres 
In the dorsal fin, the proportions of myofibrils were highest in the 
intemlediate pink fibres (p<0.05). No significant differences were observed 
between the myofibril proportions in the white fibres of the myotome, in either 
the mid tail region, or that of the distal tail. Myotomal white myofibril densities 
were also not significantly different from those in the dorsal fin musculature. 
Distal tail tonic fibre myofibril densities were not significantly different from 
the values obtained from the mid tail region. 
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Table Percent proportions of cell in the different fibre types of 
Hippocampus abdominalis. 
Cell Muscle Mi~ 
avg 31.8 36 32.2 
std 9.4 10 5.7 
avg 54.7 435 2.4 
st.d 6.2 6.7 1.2 
Dorsal white avg 67 22 1 
st.d 8.6 6.3 0.9 
Mid tail avg 73.0 25.9 2.0 
white st.d 6.8 6.9 0.9 
Mid tail avg 71.3 26.6 2.1 
tonic st.d 6.2 6.8 0.8 
Distal tail avg 72.6 21.1 0.3 
white sLd 7.1 6.8 Oll. 
Distal tail avg 70.4 27.2 2.0 
tonic st.d 6.7 6.4 l.2 
Table 4. Mitochondrial volumes (%) different fibre fish SDE~CIE~S 
compared to Hippocampus ahdominalis. 
Fibre type Red Pink White Tonic Reference 
Acipenser stellatus 30 3.7 0.7 1 
Chimaera spp. 52 ± 2.1 1.8 ± 0.7 0.3 ± 0.5 2 
Etomoptrus spp. 30.4 ± 4.8 7.2 ± 5.3 0.5 ± 0.6 2 
Goleus spp. 34.1 ± 4.9 16.3 ± 0.9 ± 1.1 2 
Mugil cephalus 31.43 ± 1.17 4.23 ± 1.13 3 
N. barbatu!us 25 ± 0.06 0.09 ± 0.01 0.03 ± om 4 
Perea fluvio.tilis 21 7 6 5 
Scyliorilinus 1 24.8 ± 3.2 0.99 ± 0.17 2 
ScylioThinus 2 18.3 ± 6.4 3.9 ±1.B 1.3 ± 0.9 2 
H. abdominalis (Dorsa!) 1.0 ± 0.9 ,. 7 
(pink 2.4 ± 1.2 7 
(pink oxidative) 32.2 ± 5.7 7 
7 
H. abdominaUs (Mid t) 2.0 ± 0.9 2.1 0.8 7 
H. abdominalis (Dis. t) 0.3 0,4 2.0 0.7 7 
24.8 ± 1.6 6 
2.2 ± 0.3 6 
0.7 6 
.. Fibres of this type were not J.U"''''''Ulv"", as only three were found. 
Note: Regions myotome) from which the above values were taken (with the exreption of the seahorse) 
were not listed. 
References 
L Kryvi et at., 1980 
2. Totlllnd et 1981 
3. Quaglia, 1980 
4. Kilarski el al., 1986. 
5. Raamsdonk et ai., 1981 
6. Akster, 1985 
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Figure 24. Percentages of cell components in the different fibre types of 
Hippocampus abdominalis. 
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Diameters 
size-frequency 
votom.e are shown in Figure 
the fibre types in the dorsal 
26a and 26b. Mean 
and dorsal fibres are .... 1""'~ .. n in Table 5 and Figure 27. 
In all cases, fibre U:LU,U.L .. ' ........ 1 a positive correlation with fish 
(p<O.05). 
all cases, the diameters of individual fibre types were significantly 
(p<O.OS). 
each other (p<O.05). 
diameter fibres were 
in the dorsal fin, but were 
were 
counterparts (p<0.05). 
fin white fibres were 
(p<O.05), or 
were slg:nmiC3Jlt 
and a fairly 
In diameter in the 
significantly larger in the 
than either the mid tail 
0.05). 
Table Diameters of the different fibre types Hippocampus abdominalis. 
(AIl me~ISUI'em~mts 
Fish no. 
Length (em) 
Dorsal avg 
oxidative st.d 
Dorsal pink avg 
intermediate sed 
Dorsal white avg 
(myotomal) st.d 
Dorsal white avg 
(near rays) st.d 
Dorsal SDF avg 
st.d 
Mid tail avg 
white st.d 
Mid tail avg 
tonic st.d 
Dislallail avg 
white st.d 
Distal tail avg 
touie st.d 
11m). 
1 
19 
56 
5 
84 
29 
120 
3 
72 
9 
25 
6 
82 
15 
35 
9 
62 
13 
23 
9 
2 
22 
70 
9 
104 
14 
190 
7 
81 
13 
33 
12 
85 
17 
46 
15 
66 
10 
27 
8 
3 
24 
61 
14 
104 
15 
223 
33 
75 
9 
25 
10 
152 
22 
71 
18 
84 
17 
35 
7 
4 
24 
64 
13 
105 
13 
231 
27 
87 
19 
32 
11 
156 
48 
78 
28 
89 
17 
48 
17 
5 
2S 
81 
10 
to7 
13 
232 
35 
90 
11 
35 
9 
165 
32 
81 
23 
92 
17 
60 
14 
6 
29 
82 
17 
130 
33 
242 
43 
99 
14 
38 
9 
165 
30 
86 
34 
101 
13 
70 
15 
96 
Table 6. Mean red and (Ilm) in the myotome of several 
SP«~Clt~S of fish, compared to white fibres (size range 19cms to 29cms) in 
Hippocampus ahdominalis in the myotome and dorsal fin. Also note 
oelwct'!n oxidative pink fibres (IJ.m) of Hippocampus (range 19crns to 29cms) 
fibres of other species. 
(AU references except for Hippocampus from Greer-Walker and Pull, 
Hippocampus abdommalis oxidative) 56-82 (\.Lm) 
Mean Mean 
red white 
fibres fibres 
(I~m) (llm) 
Species 
120-242 
72-99 
82-165 
62-]01 
Scombridae Scomber colws (GmeJin) 13.1 28.9 
Scomberscombrus 22.0 69.0 
encrasicolus (Linnaeus) 45.6 
(Lacepede) 15.9 38.1 
SarJinlJ pikhardus (Walbaum) 24.0 1.0 
Sprattus spraltus (Linnaeus) 22.0 37.0 
Clupea harengus (Linnlleus) 18.0 42 
TrlJC/wrtlS trlJChurtlS (Linnacus) 23.9 80.9 
Sparidac Pagel1.us bogaraveo (Bruo.nich) 14.3 47.5 
Cycloptcridae Cyclop/erus lumpus (Linnaeus) 21.6 50.0 
Mugilidac Crenimugillabrosus (Risso) 30.9 9.9 
Squaloidae lJCl1nt!zias (Linnaeus) 36.4 98.8 
Ammodytidae marinus (Raitt) 25.6 46.9 
Oeilodipteridae (Risso) 13.0 64.9 
Gladidae Gadus (Risso) 32.4 98.4 
Gadus (Linnaeus) 33.2 80.1 
luscus (Linuaeus) 35.4 65.S 
Gadus minitus (Linnacus) 31.3 100.7 
Gadus pollachius (Linnaeus) 243 128.0 
Gadus wens (Linnaeus) 143.8 
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Table 6. (continued). 
Syngnathidae 
Family 
Syngnathidae 
Plcuronectidae 
Mormae 
Soleidae 
Osmeridae 
Cottidac 
Hippocamus a.lxiomina/.w; (Dorsal large ) 
Mora morn (Risso) 
Lepidon eques (Guother) 
Angui.lhJ anguillo. 
Osmerus eperlanus 
Ma1k>tus villosus (Muller) 
Scophtholmus maximus 
near rays) 
myotome) 
myotome) 
Lepidorhombus whifjUlgonis 
Lophius piscaiorius 
Eutrigla gumardus (Linnaeus) 
Aspitrigla cucub.s (Linnaeus) 
MacrolUlmphosus scolopax 
Cottus scorpius (Linnaclls) 
Coitus bubalis (Euphrasen) 
Centr%phus lIiger (Gmclin) 
Raja baJis (Linnaeus) 
Mean 
red 
fibres 
(11m ) 
34.7 
25.8 
23.2 
15.8 
20.0 
283 
31.7 
24.9 
24.9 
303 
42.4 
11.4 
19.0 
24.9 
11.0 
Mean 
white 
fibres 
(ilm) 
120·242 
72·99 
82-165 
62-101 
158.5 
96.9 
73.7 
57.0 
81.7 
52.8 
92.2 
111.4 
71.9 
104.2 
863 
134.2 
27.7 
47.1 
50.9 
27.0 
130.4 
The relative size 
pink intennedjate fibres~ small 
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for (from top) pink oxidative 
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Figure 26a. The distributions of top) tonic fibres, and 
fibres in the mid region of the myotome of Hippocampus abdominaUs. 
and 
fibres 
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Figure Fibre diameters of dorsal and myotomal fibres of Hippocampus 
abdominalis (ail measurements in !lm). 
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The musculature of the dorsal fin 
The (locomotory) musculature of the seahorse completely lacks 
rnA TPase labile red fibres which have traditionally 
sustained The most oxidative fibres present 
intermediate (pink) muscle in other 
implicated 
corresponding to 
(Johnston et al., 
a 
The of ,"' .... ........,. muscle fibres was first noted by Ogata 
(195Ba,b). In the typical muscle levels of 
glycoltic activity intermediate between those in fibres 
and Bokdwala, 1964; Ogata and Mori, 1964; 
George, et al., et al., 1975; 
Kilarski, 1982), This 
levels of locomotory at which it is ..... "'"""SAy .. ",,,,~· ... f' .. rl 
IS the carp; Cyprinius carpio, 
SWltmInIIllg speeds just too the red 
muscle and 
al., 1977). However, 
quantity, function 
disadvantage 
muscle varies 
cellular 
large proportions; while in 
IS extensive, fish do 
Furthermore, fibres 
such as the trout, 
it at all 
found to 
and 
and 
cases by the 
presence 
et al" 
more 
than one a 
subpopulations with characteristicaIIy disparate myofibriIlar 
one CH'II,\\:<rIn 
second 
low activity after both acid and alkali 
a stable rnA TPase response after acid 
(1985: Perea fluviatilis; Patterson et ai., 
IS of two 
Hudson, 1975; and TuHoch (1990: Ohliquichthys 
maryannae ) . 
.uU.L"vJ''-' that is stable to acid and alkali is more common 
1986; Johnston et al., 1974; .l.v .... '-....... ..., .......... .;;,VJu. 1977; 
alkali-labile 
as a BU perficiaI 
van Raamsdonk et ai, 1982). 
activity occurs less frequently and is 
only (Mascarello, 1986; Alester, 1983). 
(1990) proposed that the locomotory v,u.'av!~v mATPase 
oxidative pink fibres of 0. maryannae was sus;talnalble as the fish swam 
continuously; a finding which .............. nJ a more QISOUIC!tnre C.IlitlfiitUle:r than 
'typical' pink muscle fibres. 
utilising both lipid 
to characteristic metabolic and functional 
suited for the prolonged low intensity 
1962). 
aerobic 
analogous 
red fibres, which are 
nl"lr<::nF'rTnrp is by no means as it often been suggested that 
pink muscle of SPt;CIC::;S is 
or red muscle. Patterson et al.~ 
subpopulations in the pink fibres 
character and function to white 
that the two differentiated 
muHet were of 
small and large diameter were in terms of and 
to red and white fibres respectively. 
These results were parallelled by the pattern observed in 
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smaller were seen to more dorsal oxidative musculature, in which 
darkly for oxidative enzyme activity. extensive mitochondrial content of the 
oxidative pink of Hippocampus indicates a to fatigue, and 
that these fibres have an aerobic capacity similar to that of muscle 
described other (Davison, 1983; Kryvi and Totland, 1978; Sanger el al., 
1990). However, spite of the similarity to the results from Patterson et al. 
(1975), George and Bokdwala (1962) and Masse Hudson (1975), it cannot 
be inferred that fibres are necessarily more terms to 
red fibres than the larger pink intermediate fibres. These factors simply indicate 
that intermediate fibres a more glycolytic capacity, and that the 
of their oxidative enzymes are lower. Furthermore, function of 
oxidative dorsal musculature in the seahorse is unlikely to be sustainable as 
these fish do not SVIim continuously. 
Whether the contractile speeds the pink 
cannot on the 
ultrastructural stu dy; however 
staining pattern may represent a disparity. As 
property, In acid 
differences in the staining 
affect the of muscle fibre contraction . 
subpopulations are 
differen tia ted 
activity is a 
it also 
. Barany (1976) proposed the quantity myofibrillar A TP-ase 
could with speed of shortening of muscle Direct 
biochemical measurements of myofibrillar activity have shown the 
activity to higher the white in 
comparison to the (Johnstonetai., 1972; Johnston and Tota, 1974); although 
Nag (1972) reported a around three that found in red fibres. Since 
lability a property of fibres, 
possible that 
slowly contracting 
intermediate (mATPase labile) pink fibres are more 
fibres. However, the 
fact that pink muscle se usually stains the most intensely 
activity does not necessarily denote that it is fastest-contracting, in 
fact is a rank of white fibres (Johnston et at.. 1977). 
Furthermore, larger glycolytic fibres to be T1lTn,n Uk., by a faster contraction 
speed as they rely on anaerobic metabolism. On the of this information. it 
The fact 
to claim a 
mATPase 
assessment. 
IS of fibres IS 
b} immunohistochemical studies, antisera 
of red white muscle (MascareHo et at., 1986). Pink muscle fibres 
were found to 
muscle, which 
are similar 
heavy 
(J ohnston et al., 
same .. """" .... r ... "' .. to anti-F anti-FHe sera as white 
that the isoforms present pink white muscle 
et al., 1986). The pink muscle myosin from white 
light are indistinguishable 
Scapolo 
white muscle myosins are is supported by 
contains type (Johnston el al., 
Further supporting this has been obtained by van 
Raamsdonk et (1982) and te Kronnie et (1983), who demonstrated 
muscle 
vertebrate 
to those of 
alkali-labile 
react with specific myofibrillar proteins of various 
are rarely observed to be similar 
fibres, in the principal myosin shows a 
activity (Rowlerson et 1985). 
Despite results works cited it is generally accepted that 
pink fibres do, nonetheless, contain a distinct of myosin (van Raamsdonk 
et ai, 1982; Kronnie et at., 1983). The innovation of polycJonal 
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raised ""~< ...... ,' .... fast avian (van Raamsdonk et al., 1982), and 
more recently, a monoclonal antibody against and apparently 
Rowlerson, 1985) pink muscle (van Raamsdon14 pers. comm. 
provided decisive 
fact that 
different perspective. 
of variation in fish 
considerably in time a 
et al., (1981) that range 
might be as extensive as that seen between and 
Rowlerson et (1985) three of pink 
muscle with regaro to types and a mosaic 
of and white a transition zone between and white and a 
zone consisting of one or more types with an mAfPase profile unlike that 
either the or white 
According to Rowlerson et at. (1985), none 
correlation 
the 
Similarities 
taxonomic groupings or 
latter features showed any 
although may be a 
between of and Various studies have mOilCa[Ca 
mammalian and fast (white) muscles and slow (red) muscle m\rOSllnS 
a number of in common, namely two myosin chains 
respectively; alkaliMstable and alkali-labile activity; differentiated 
immunoreactivity (Connen, Focant et al., 1974). However, 
been reported (Focant and Huriaux, 1976; 
Focant et al., 1976), which mayor not consequence of 
methodological vagaries. These comparitive studies are to accurately 
quantify, as extent of ,,,Y,,""' ... 'C' .... , of myosin and methods used makes it 
difficult to assess individual and distinguish effects 
differences in method and genuine species-related variation. 
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UnfortunatelYt is filled with examples which illl'; ...... "' ... , .. 
hazards of comparitive work. It cannot stressed enougb that conditions for 
demonstration investigative techniques be carefully monitored; 
if necessary, altered to suit individual This consideration is well-
documented in the case of rnA TPase analyses, in which quite differences 
of pre-incubation A TP-containing buffers may 
large in mATPaseactivity (Guth and Samaha, 1972). 
Furthermore, certain aspects the environment may alter the staining 
characteristics fish muscle. Chayen et al., (1987) that seasonal 
differences are significant in tbe staining characteristics of the in which 
distinguishable in summer months could not be differentiated in winter. 
was intensity of stains as strong, although fibre remained much the 
same from season to season. Johnston, Davison and GoIdspink (1975) found that 
ATPase response. At re. 
was times higher than 
temperature; additionally, 
therrnostabilities. these 
UU1U.'-'''',U adaptive myofibrillar 
ofawarm 
myofibrils were 
of the cold acclimated 
at same 
to have 
aCC~ImlatJlon was 
produce either a 
site. 
in the <:rrnl'lrU or acr:e~~lOlntV of the active 
Along with wide range physiological of the pink muscle, 
numerous proposed these have topic of debate. 
Patterson, Johnston and Goldspink (1975) suggested that since some species 
quantity present is comparable with of oxidative fibres, 
occurrence of might be with a locomotory 
The original hypothesis suggested by Bokdawala (1967) proposed that the 
occurrence of muscle was with to continuously 
for long an idea which was echoed by Patterson et ai., (1975). However, 
no pink fibres were in the semi pelagic fish Hemiramphus sp. which was 
to swim continuously (Mosse Hudson. 1975); in fact appears 
to be considerable variability in the occurrence of these 
locomotory activity. Furthermore, the overwhelming 
in relation to 
of evidence 
implicated the red in a sustained locomotory 
More results indicate that fish which do not ossess red muscle. bu t 
msteaid on a large proportion of for locomotion, 
tend to be' characterised by a mode in which sustained is not a 
feature (Mosse Hudson, 1977). 
The of intermediate fibres locomot<;>ry musculature 
supports theory, as fish is certainly inactive. Although 
hudsonius vibrated at 
The fact 
sustainable, operation 
of .-. ... O"rtnl 
undulatory cycles per "' ........ , ..... ..." .... 
buoyant also contributes to the 
structures. addition, distance movements worIdoad of these 
(which are typical seahorse behaviour) are thought to require the 
of relatively 
1978). 
contracting fibres to overcome inertia and ..... <'H.lkl (Lindsey, 
Since red most fish been shown to contract slowly (Johnston 
et al.. 1977; Davison, 1983), it is unlikely that fibres would able to 
the contractions needed to such undulation of 
dorsal fin, or to overcome the and gravitational forces. 
fibres, on other hand, are typically to contract at speeds 
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between white 
make a more suitable choice. Significantly. 
contractile of dark III 
were faster contracting those white. 
et ai., 1977), would 
(1964) found that 
Hippocampus hudsonius 
metabolic properties pink muscle also to constitute a superior 
option for the seahorse. pink muscle typically has a lower oxidative capacity 
and a higher glycolytic enzyme activity, it functions partly anaerobically due to 
the comparitively reduced supply (Johnston et al.. 1977). The that 
pink fatigues more rapidly than red fibres is not normally a disadvantage 
for seahorse, which is usually found resting attached to seaweed, which 
does not attempt to swim when changing position. In addition, the 
oxidative fibres contained quantities of mitochondria, which would 
the of eventually does 
reduce metabolic efficiency (Lehninger, 1982), but this IS 
outweighed by the "'~"A_U of greater output. 
Under electron the major distinction the two 
populations of dorsal fin pink was differentiated of 
capillarisation and mitochondria. The oxidative were 
by extensive levels of elements, while displayed a 
significantly reduced aerobic profile. These findings were supported the 
histochemical results, which the pink oxidative fibres appeared to contain 
quantities of lipid and oxidative was obviously an 
importan t in locomotion; however oxidative pink also 
contained more glycogen, substrate commonly observed in aerobic 
metabolism. 
During typical movement from to perch, seahorse probably relies 
on the oxidative fibres, employing aerobic lipolysis to obtain ATP. Lipid is 
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the preferred substrate of aerobic metabolism. It is usually in 
quantities in red muscle than in white~ constituting 11 per in brook trout 
Salvelinus fontinalis, and plaice (Pleuronectes platessa (Johnston and Moon, 
1980b). Accordingly activity is much greater in muscle than in white 
(George Bokdawala. 1964). 
Storing and metabolising lipid has two advantages. Firstly, as lipid has a 
lower specific gravity than it provides buoyancy. Distribution patterns of 
lipid are variable among teleosts; in fatty fish such as anchovies, a layer 
fat cells occurs between the skin and the superficial muscle cells (Gill et al.~ 
1987); while other the (Bone, 1978b) and eel, 
adipoqtes are widely distributed among the white muscle 
Lipid content also according to the portion of the body, thus it is 
preferentially deposited (Gill et aI.,1987). The extent to which muscle lipid 
reserves of such fish represent metabolic stores or function as part of a buoyancy 
IS that lipid contents may higher 
winter some (Lahti, 1987) indicates thGlJ. recruited to cope with 
energy demands. In channel catfish, m winter 
is parallelled by levels activity in hydroxy acyl Co 
dehydrogenase, an enzyme involved in acid catabolism; thus it probably 
serves to expand aerobic metabolism capacity during these months (Johnston 
Moon 1980a,b). These authors also noted increased activity of hydroxy 
A dehydrogenase in winter axial muscles the brook trout and coalfish. 
Other studies have demonstrated an increase axial muscle lipid associated 
variables such as environmen~ competition, sex and temperature 
acclimation (Bilinski, Lahti, 1987; Sanger et ai., 1987). A reduction in 
glycogen and increase In lipid storage may also play a in increasing 
buoyancy; even if the amount of lipid is not stored it will contribute to weight 
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notes the particular 
long 
of red muscle lipids in 
Lipids tend to be found in 
amounts IIquiet" fish such as 
abundant in migratory fish such as 
may be 
horse mackerel (Fontaine, 1975). 
terms of energetics, lipi,d is in that it has a energy 
content by weight compared with lllVCOi~en and unlike this molecule, its 
involve the associated 
this means that glycogen is 
same return (AJberts et at., 
significant volumes of water. 
as expensive to store than lipid for 
Furthermore, aerobic glycolysis just 
A TP per glycosan 
Wyse, 1989), Obviously, 
The disadvantage of using 
aerobic lipolysis yields over 100 (Hill 
is a much more efficient 
as. an aerobic subs.trate it only 
for slow its abundance 
Although both aerobic lipolysis oxygen, 1111"\,.,(1,,,.,,, 
slower process than glycolysis, as glycogen is much quicker to 
is for 
.is forced to move .... C.LUlll""":> or enlist maximum ...... '''Kl ... T-
a predator, the recruitment n,r'''''''''''n as a substrate in 
probably provides an ........... J..U", ......... "'~'" source of energy. 
In thepink oxidative a compromise 
escaping 
pink fibres 
reached 
between relatively low v ... _, ... uv ..... efficiency for high-speed machinery, and a 
efficient system for continuous operation. 
The lack of .l.I.U .. V'VllV' ........ U 
pink muscle ....... v>.v .... 
presumably only 
lipid and oxidative enzymes intermediate 
anaerobic glycolysis is employed in these fibres, 
oxidative capacities of pink fibres are 
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exhausted. 
Although glycogen is the primary substrate for anaerobic metabolism, it is 
reported to be present in higher concentrations in red muscle than white (Bone, 
1966; Wittenberger, 1968i Johnston and Goldspink, 1973). Johnston (1981a) 
suggested that as the red fibres have a relatively small volume compared to the 
white, a proportionally greater quantity of glycogen may be used in the white 
muscles during fast swimming,. However the anomaly can probably best be 
explained by the fact that glycogen is the stored form of glucose. which is the 
energy substrate. Thus the observation that the pink intermediate fibres stain 
more lightly for glycogen actually represents an indicator that it is constantly 
being recruited as a source of energy. 
This trend also confirms that lipid is the more important substrate in the 
oxidative pink fibres, since the glycogen staining pattern indicates that the 
molecule is generally not mobilised. Furthermore, since the fast white fibres 
stain the most lightly for they are their stored 
reserves to the 
Biochemical determinations of glycogen concentrations vary between 
individual species, and have been shown to fluctuate enormously depending on 
activity level and nutritional status (Love, 1970). Brown trout build up large 
intracellular stores of glycogen in fibres recruited during training (Davison and 
Goldspink, 1977); whereas a shift to lipid metabolism following exercise training 
was proposed to ocx;ur in the coalfish, Pollachius virens (Johnston and Moon, 
1980a, b). These results were supported by biochemical analyses of metabolite 
stores and enzyme activities (Johnston and Moon, 1980a,b). 
Recruitment of the intermediate pink fibres enables an increase in power 
output while conserving energy of the white fibres. In exceptional circumstances 
however. it is possible that the anaerobic white fibres are recruited for 
1 
locomotion when energy reserves pink fibres are As these 
fibres contain numbers of mitochondria, they the most 
inefficient way gainingATP for actin-myosin However, 
the superior contractile forces glycolytic fibres enables potentially 
greater locomotory speeds to be an advantage maximised by 
large size, and position-situated at the point of greatest distance 
from the dorsal (the location allows the exploitation of 
maxmlum during locomotion hence ........ i ...... . 
The location of the pink glycolytic fibres also .......... "v .. ~'" exploitation 
above to a lesser extent Although they cannot attain the ........... I'A'" 
contraction the outermost the fact that they lie further 
fulcrum the oxidative, oxidative 
maximum power obtainable would undoubtedly 
indicates 
A fibre distribution is observed both the locomotory 
myotomes of 
from 
contracting glycolytic 
, more a 
to 
the 
were not 
thought to play any role in locomotion as they were present such 
Their most plausible function in the locomotory musculature is that of 
a nature. 
fibres were a size and <>U""IJ"" They were 
u.""",-,,",~u.~ .... , .... with a subpopulation of than typical "'~U""'.U"'J.'UJ.J. or 
size variability, (although their staining characteristics were certainly 
dorsal small """''''J..uv when the dorsal is not 
use. During of quiescence, body in 
VHl""<O.'UVJU. However, at other times such as intermissions a state of 
swimming, 
fibres, possibly 
is held erect. It is at these moments that the small 
association with smaller white (which may support 
these fibres structurally and functionally), probably gain useful employment. 
The of an erect may be in terms of 
tactics such as immobility. which are essential in successful predator 8V()IQ,:mc;e 
and in these 
The of (tonic) win be full 
in the 
The Myotomai Musculiature 
fact that no staining for lipid' or ,.;FU .... "".,LV enzymes whatsoever was 
observed white either myotome or dorsal fin. the 
fact these function anaerobically. 
white probably, very little the myotome. They are 
clearly not recruited for swimming, or in any sort of locomotion. 
only probable functional would to execu te lashing movements 
seen predator responses the seahorse is seized; possibly 
to effect a grip on substrate to prevent its displacement these 
-UhJ' ......... V .... ,"'. It is unlikely that the tonic fibres could capable such 
vigorous or powerful function though are present significantly 
larger 10 this as tonic typically a very slow speed of 
contraction and MacDonald, 1985). 
lack of mitochondria fibres mCl!IC8ltes 
function by anaerobic glycolysis. is 
rnA TPase activity; the 
ultrastructural and the lack of staining either ""1-"'''''''. 
aerobic or enzyme Although anaerobic glycolysis is 
a relatively inefficient way of gammg ATP for the actin-myosin 
interaction) it is a energy pathway for white fibres 
seahorse as they are probably recruited fairly rarely short of time. 
A significant population of diameter (tonic) fibres was also 
myotome. These are typically m the 
numbers teleosts, and are very slow contracting 
very small 
a poorly developed 
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sarcoplasmic reticulum (Davison and 1985). view of 
characteIistics, tonic fibres are not thought to be locomotion. Recent 
evidence suggested they may analogous the tonic of 
mammals, which are thought to playa role in maintaining posture (Davison 
MacDonald. Johnston, 1981; te Kronnie et al., 1983; Morgan and Proske, 
1984). 
seahorse, the myotome has modified into a 
no propulsive role in swimming, although it is thought to act as a 
........ ,'""'"" ... aid when is not attached, as also by Bergman (1964) 
and Breder 
to anchor the 
Edgerton (1942). However, 
as it feeds; a Llv"''Ull which 
predominant role of the tail is 
be desclibed as postural. 
fibres are in large numbers in the myotome of the ",'-''''JLlV~ 
it would that that results of study support theory that tonic 
of fish are in to the tonic fibres mammals, at 
least 
to a 
only 
the st':i1lwt':el a role 
other than purely postural to date, the that 
myotome of seahorse in high suggests they probably 
are capable of performing this function. The fact tonic fibres are thought 
to contract very slowly would be advantageous in that operation this 
function would 
Further 
require expenditure large amounts energy. 
implicating tonic rather the III a 
postural provided by the observation that the spends most of its 
time attached a convenient hold by its tail. considering fact that 
never seems to the of the animal's grip is more likely 
to be effected by the which are 
myotome, than by 
located points of 
contact on the white which fatigue 
at energetic cost. 
tonic fibres found in the myotome were of a more variable sbape 
myotomal 
of 
trunk AU ... """ ... 
1983a). 
also 
indicates that the tonic fibres were two 
probably pJaying a different role. 
fibres (also known as or 
of fish which do not 
Johnston et ai., (1975); 
tend not to have 
contrast, which does not employ a 
a small population of these fibres in this 
(Johnston et ai., 1974); and many SDF are found in the 
bully, is held rigid during swimming (Davison, 
Small diameter both elasmobrancbs (Bone, 
1966) and teleosts (J ohnstoD et al., 
1982). These fibres are always a"''''V\.>.a. ..... ' .... with the 
et al., et aI., 
are located in 
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regions in species. fish myotomes, a gradient can often 
seen the intensity and activity from most 
peripheral red fibres to deep white fibres (Davison, 1985; Davison and 
Goldspink, 1984; Patterson el aI., 1975). The same gradient is observed 
other teleosts, with the exception that small diameter fibres are lV>J ..... '"', .... in the 
region traditionally occupied by red fibres (Davison, 1983a, 1987). 
In Davison's (1983a) stu dr, small diameter occupied position 
usually populated by slow oxidative muscle. which was found to be absent in the 
lateral of this When swum in a Blazka-type water tunnel; the 
bully remained on the bottom of respirometer, and if forced to swim it 
rapidly fatigued, demonstrating the lack aerobic musculature which would 
have effected locomotion (Davison, 1983a). The same locomotory 
reluctance was observed in seahorse when it was forced to swim around 
tank. 
tend to limited the In,,,.rnU1P 
frequently being 
fibres (Kilarski 
sman fast-swimming like Brachydanio rerio (van 
and Gasterosteus aculeatus et al.; 1983). 
only~ most 
......... ~."'n. et al., 1980). 
(1985) found 
small diameter fibres were throught myotome of the spotty 
Pseudolabrus celidolus than being grouped as found in myotomes of 
other studied (Walesby el al., Davison 1983a). 
Tonic fibres may also be found scattered the fibres, as in 
myotome of lucius (Zawadowska and Kilarski, 1985); or they may form a 
belt at boundary between the and fibres (Kilarski 
Zawadowska, 1985: Cyprinius carpio Carassius auratus). 
fact small diameter fibres occur in zones of transition to 
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progressively fibres indicated they regions continuing 
growth. been that number increases during growth in 
cod Gadus morhua (Walker~ 1970). The 'growth theory' proponents 
that tonic fibres are in fact developing red a consensus which 
conveniently ignores all evidence to the It seems rather questionable 
that a developing fibre would vary so from parent population, as 
diameter fibres do not containt~e large numbers of mitochondria capillaries 
observed in red Furthennore, tonic are sometimes found high 
numbers in large which it would be that fibre recruitment 
would been completed (Weatherley and Gill. 1981). 
How the 
'growing' 
populations, 
morphological and staining characteristics between 
lack transitional staining between adjacent 
"""",.u"",-,of SDF (in some cases more) in fully grown 
came to regarded as evidence small diameter are a growth stage 
red is a topic debate deserving of 
some suspicioD. fact, it seems most are a 
grou p their own with respectively properties. 
Since the number SIze 
some fish 1983a), it is unlikely that are 
degenerating fibres. However. fact that some fish been where the 
SDF had partially or totally replaced connective tissue puts some 
on this 
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The informativecomponcntofmuscle investigative studies generally 
the ultrastructural category. In addition to providing invaluable assistance in 
fibre confirmation, ultrastructural the fibre 
is essential order to enable adequate conclusions of respective functional 
roles to be 
recent a growing number papers have the topic of 
fish muscle ultrastructure, both descriptiveJy and quantitatively. However, the 
comparitive of should viewed some trepidation, 
as muscle ultrastructure is affected by several influential factors. 
example, although myotomaI been comprise a 
homogeneous population brook trout (Johnston Moon, 1980a), eels 
(Egginton and Johnston, 1981a,b), and anchovies (1 ohnston, 1982b); 
is not obselved in M",.uVLh 
Bernard, 1982a$b). fibres often 
some 
an even more 
heterogeneity, not only with respect to (Johnston and Moon, 1981); but also 
to regional distribution in myotome (Johnston and 
1982b). Furthennore, such as endurance training (Joh.nston and 
Moon, 1980a). oxygen availability (Johnston Bernard, 1982a~b), starvation 
(Patterson and Goldspink, 1973), and environmental (10hnston and 
Maitland, 1980) can markedly affect muscle ultrastructure. factors 
probably account for at a sman percentage of the variation observed 
between different studies of muscle ultrastructure. 
According to Quaglia, (1980), Franzini-Armstrong and (1984), 
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Odense, (1967); Kilarski, (1967); Nag (1972); 
do not differ in terms of ultrastructure~ "",<,nIT 
are quite different histochemically (patterson et 
Totlandt 1977), physiologically (Johnston et ai., 1977; J.V~""">"''''' 
and morphometrically (Patterson and Goldspin~ 1972; 
differences between fibre types 
a studies (Akster, 1985; Davison~ 1983a; Kryvi and 
1990). According to Shindo et ai. (1986), 
more regular in white muscle fibres 
and white 
............ 'Vll. 1977), 
in arrangement, white fibres are sometimes nnJ~p'nJP.n 
Small 
with 
at the central area of muscle fibres, 
at the circumference (Shindo et al'1 1986). 
may also be arranged in a pattern resembling a cartwheel, 
a central hub of sarcoplasm. is not 
eJi!ll:)UJloonUlcns, holocephali or higher "\:IPl'Fpr'r~lrp 
to a teleosts (Shin do et aI., 1986). 
between the fast and slow fibres of .. vA • .,""" .... 
recorded, and win discussed this section. 
The ultrastructure 
myofibrils in the 
pattern. Myofibrillar 
fibres than in 
tension extremely rapidly 
The 
also associated 
Differences the 
seahorse white fibres is not 
were arranged in a closely 
more dense in glycolytic 
of fibre type to develop 
(Webb and Weihs, 1983). 
was weB developed, a feature 
of these fibres. 
of the sarcoplasmic reticulum 
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mayor not be between two fibre types. sunace 
the whole sarcoplasmic reticulum is responsible for the fe-uptake of calcium, 
brings about relaxation (Winegrad, 1970). 
(1980) found that the white and myofibrils of the grey mullet were 
surrounded' by an equally developed sarcoplasmic reticulum. consisting of a 
collar the H band region, several longitudinal tubules in the 
band regions, and cisternae always located the Z disc. 
In contrast to the results, (1972) reported different sarcoplasmic 
areas in muscles Salmo gairdneri. in which a relatively 
sarcotubular system was observed in fast white 
Differences the extent development of the 
compared to the 
are 
to be specifically to tbe of contraction (Nag, 
Porter (1961) suggested that highly developed longitudinal 
reticulum is found in A-a':>l.-a\,/LUl maybe to an role in 
to,,~.:wv .. 
were thought to be due to a 
eliminate calcium, and not to a 
sarcoplasmic 
The typically display numerous chemical 
systems 
area of the 
to fibres provides support for this suggestion. Fast fibres display 
higher activities of low molecular weight calcium-activated binding nr,-'ItPl!" 
relative to fibres (Harrison and 1981; McArdle and Johnston, 1981). 
According to (1978), it is possible that these low molecular weight 
pf()te:ms may be In contraction velocity, by 
their buffering effects on calcium-activated Penney Goldspink 
(1980) reported that the white fibres of axial muscle ternperature·adapted 
and control groups of carp Carassius auratus areas 
SR, but not terms of rate of uptake. 
elements are tightly regulated in muscle. 
In mammalian muscle, in twitch characteristics brought about by 
long term electro~stimulation are accompanied by differences the polypeptide 
composition of sarcoplasmic reticulum, parvalbumin content 
(Heilmann Pette, 1979; KIng et aI, 1983). Parvalbumin, which acts as a 
calcium shuttle between the myofibrils and the SR (Gerday and GiUis, 1976; 
et al., 1982), in the fast twitch muscle 
in comparision to the slow twitch (Ham air et al., 1981; Focant et at., 1982). 
suggestion quoted by (1985); 
in fibre contraction .:>u,-,,-,,,-,,,, are due principally biochemical 
than structural factors. Since the ultrastructure and white muscle fibres 
is seldom differentiated, would indicate that at least individual 
spe:Cles, biochemical lS 
indicates 
the fact 
biochemical 
According Davison (1983). 
are certainly not influential. 
white terms packing. In the seahorse, the pink 
and 
white fibre myofibrils were observed to arranged in long ribbons at the 
longitudinal an typical both white and pink fibres in 
most (Johnston, 1980). However, in contrast to the typical observed 
at the longitudinal of pink at the transverse 
were radically those of fibres. 
tightly packed, muscle myofibrils tended very loosely deposited 
the which was characterised by vast areas of 
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The functional significance is ... .&A. .......... '" 
The pink muscle myofibriIs were well defined, with a wen-developed 
sarcoplasmic reticulum. Large distances the sarcolemma and 
contractile apparatus were also observed. These observations that a 
highly organised route for inward of the action is 
these (Bergman, 1964). 
The two subpopulations.oi.pink fibres were identical in terms of 
basic ultrastructure. There was a hexagonal arrangement the thick and thin 
in the body each myofibril; an similar to the 
pattern seen in striated of other vertebrates (Bergman, 1964). 
The only significant between the two populations of fibres 
was extent mitochondrial the area 
cytoplasm typical of both subpopulations was occupied to a far extent by 
mitochondria the oxidative fibres. Glycogen granules were evident both 
types, supporting results ffOm section 
indicated that glycogen is an important source of 
The of the pink fibre 
high level sarcotubular development 
fibres typical of species (Johnston, 1983). 
extent and disposition of junctions 
sarcoplasmic reticulum are noted 
are to the rate of calcium ion uptake. 
both populations 
in 
tubules and the 
et aL, 1987). They 
white fibres, a significant 
calcium is necessary to maintain the high frequency of contraction-
relaxation cycles observed in swimming (Johnston, 1983). 
seahorse, the T-tubule of the fibres was more extensive 
than that of white This pattern is a reversal of the typical piscean 
to Johnston (1983); who that the T-tubule was 
better developed in white in red. (1983) 
observation is logical given that white fibres are observed to contract at 
speeds; case of the "''''''''L4''''' a different """"",,UaA 
Bergman (1964) conducted electromyograpbic 
may be evident. 
of the muscle 
that the pink 
is not entirely an 
contractions 
exhibited 
seahorse 
speeds of COIUTiiCI;lon 
and 
This 
occurrence; in perch (Perea fluviatilis) (Akster~ et al., 1985) and carp 
et ai, 
to the 
muscle maximum tensions that are comparable 
fibres of the same However. from the no 
examples oxidative '"'" .... """,''''' contraction speeds exceea:mJ! 
been recorded. This hitherto fibres 
unusual 
the 
between fibre type and of T~tubule development in 
However, it 
system were 
oxidative pink fibres, 
z 
tubular IS 
no clues as to why the 
both the 
and 
of the 
and 
1976), anurans (Peachey, 1965). in fish 
1966), bladder drum muscles (Eich elb erg, 1976) and in hagfish 
and 1973), the are at the position 
of A-I boundary. is also the position for triads of all 
mammalian muscles. 
The functional of the differentiated positioning of the triads 
Differences triads in the are clearly not 
related to the taken, as the triads of the glycolytic pink fibres 
were located at junction, as case glycolytic fast 
may be to the actual functions the muscles as proposed by 
Eicbelberg (1976), who suggested that triads located at the A-I junction were 
more typical of non~locomotory muscles in teleosts. This proposal supported 
by the results obtained in tbis study, in which triads were located at z-line 
in the locomotory fibres (pink) and at the A-I band the myotome (white and 
tonic). Alternatively. the positioning of the may be a consequence 
factors determining pattern of myofibril organisation. 
LJ-JlHH_,' did not to pink than of 
other tYPes. fibres With thicker Z-lines than white have been described 
in some fish (Akster, 1981, Johnston~ 1983; te aL, 1983). The 
functional significance of this is unknown. 
the proved to most 
Koslowska (1986), organisation the 
to 
1986). authors also reported that tonic fibres have no and a 
thick jagged (1986); and that the triad is always located at the A-I 
junction (1984). Furthermore, tonic are typically not well delineated by 
sarcoplasmic reticulum, which is rather scarce irregularly organised; a 
which further supports non-locomotory postural hypothesis (Davison, 1983a). 
Kilarski and Koslowska's (1984. 1986) led to 
conclude fish tonic are in morphologically similar species 
to However, in other studies, many lines of divergence have been 
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observed review see 1970). The seahorse certainly does not 
to prescribed profile of fibres. Some the 'typical' ultrastructural 
characteristics tonic fibres described by Kilarski Koslowska (1984, 1986) 
were not observed; example, the M-line was although z..line was 
observed to slightly more than that of the other fibres (this be an 
artifact of the preparation). 
The sarcoplasmic reticulum of tonic fibres appeared to be quite well 
certainly similar the white fibres. fact fibres are 
typically characterised by a poorly developed sarcoplasmic reticulum been 
taken as an indication that they have a slow rate of contraction (Davison, 1983a). 
However, the reticulum of tonic is quite 
well developed, it could tentatively be suggested that these fibres may contract 
at a higher although this cannot quantified without the 
appropriate analyses. Also, nature of the proposed function the tonic 
fibres tends to cast some doubts on this idea. 
Mitochondria of the oxidative fibres were seen in 
distributed throughout the cells. Hippocampus abdominalis, they 
myofibrils were even within them, they were only 
in the peripheral sarcoplasm Hippocampus hudson ius (Bergman, 1964a). The 
former distribution appears to more 
(1986) this in eight fish 
around myofibrils white muscle. 
the seahorse, mitochondria tend 
A-I of white SDF fibres. 
oriented at the of the Z~line. 
situated at respective positions of 
of oxidative muscle: Shindo et at. 
they were located only 
orient specifically at the of 
the pink fibres however, they are 
other words, mitochondria tend to be 
triads. 
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In terms of energetics it is logical that the mitochondria preferentially 
occupy this site in the sarcoplasm, as the location of the triad represents 
point at which sarcolemmal depolarisation occurs; and transmission of 
spread of excitation to the sarcoplasmic reticulum is effected by the enzymes of 
beta-oxidation which are located in the mitochondrial matrix. 
In the oxidative fibres, large numbers of peripheral mitochondria were also 
observed, especially in close proximity to nuclei and arterioles. Muller (1976) 
proposed that peripheral mitochondria mainly supply energy for the active 
transport of metabolites across the sarcolemma, whereas the central 
mitochondria which surround the myofibriIs supply energy for contraction. 
Harrison and Miller (1984) suggested that mitochondria make a substantial 
contribution to calcium uptake during relaxation in cardiac muscle. However 
such a contribution is unlikely to be large in fish skeletal muscle because even 
the slow skeletal muscle fibres contain vast amounts ofparvillbumin (the calcium 
shuttle) compared to cardiac muscle et al., 1982). Also, 
the relative volume of some slow fibres of 
Subsarcolemmal mitochondria are of even importance in calcium 
uptake during muscle relaxation (Akster, et aI., 1985). 
Peripheral mitochondria have also been f1'e~ted to be indicative of a 
certain locomotory type. In the chimaera (c. monstrosa), as much as the 
mitochondria are peripheral, located close to the sarcolemna. Deeper, Jarger 
fibres of both white and red contain little energy reserves or mitochondria, 
indicating that locomotory movements are effected by brief anaerobic 
con tractions. 
White muscle cells demonstrate low oxidative enzyme activity and contain 
few mitochondria because A TP is used faster than aerobic metabolism can 
provide it without compromising development of tension (Goldspink, 1980; 
J obnston, 1980). are present, tbey take up 
in the cell that could otherwise be occupied by muscle; a disadvantage these 
fibres power output is proportional to the total contractile mass recruited 
(Lindsey, 1978). 
mitochondria the pink fibres of the seahorse are well developed to 
in metabolism, in comparison to of the white fibres, which are also 
smaller. The of mu~le mitochondria was small comparision 
to both kinds of tvJitch mitochondria, although this may be a consequence of the 
smaller size the cells. 
The pink muscle mitochondria were more globular in that those of 
the white which were characteristically elongated (a pattern noted 
by Love, 1980). surface area of mitochondrial membranes per unit 
volume of mitochondrion was observed (although not quantified) to be greater 
in the pink 
metabolic 
of 
This 
seahorse; a feature which 
I"Ar",n¥"'!:>1'''''ri """'1~+""c..-. is 
active skipjack the mitochondria 
fmm those of the deep sho~ng a reduction 
development: and of n4"'''VJ'AL+A the 
(Bone, 1978b). 
aerobic 
array 
total surface area of the mitochondrial cristae the fibres did 
not to be from that the twitch another distinction not 
generally observed in tonic fibres, according to Kilarski and Koslowska (1985). 
Oxidative mitochondria are generally observed to more 
metabolically active; a suggestion which probably of seahorse, given 
the functional differences of the and fibres. Studies of pelagic 
indicate mitochondria deep~seated red fibres consume three times as 
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much oxygen as those from white when 
(Modigh and 1975). 
VV .... VA ..... L ..... electron chain is operative 
correspondence with the numbers of mitochondria observed in the 
oxidative pink fibres, in fibres was more extensive. fact 
that vascularisation is far more extensive in aerobic muscle has been well-
documented. Dark muscle requires a good supply of oxygen-carrying blood with 
which to "'"" ... ",". the aerobic musculature. Gordon (1968) found that isolated 
dark muscle from Ko.tsuwonas pelamis consumes times as much oxygen as the 
muscle, while Stevens (1968) calculated that as much blood was 
found the red compared to white in Salmo gairdneri. Love (1970) 
stated that dark muscle about ten times as much blood as white. 
The In not only a supenor 
quota of blood to the but also clearance metabolites. Johnston 
Goldspink (1973b) noted that the lactate levels in the white muscle of 
levels 
is 
of 
by the high levels 
found 
to by the 
number of capillaries supplying each muscle cell (Johnston, 1980; .LV"V",,,,,,, 1978). 
However, recent studies on exercise and recovery in trout and grayling have 
indicated blood can shunted away to re2:1oI1S of the body; 
preferentially to the red muscles (Neumann et al., 1983~ Vyazovoy et aL, 1982). 
This that local control must possible (Mosse, 1980). 
While the function the capillary network is to bring about "''''''-''lL''''''UM'vu of 
metabolites between 
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capillary lumen and 
importance of the is to regulate the pressure of the blood 
the capillary bed (Davison, 1987). 
arterioles were surrounded by alayer smooth In comparisioD 
to mammalian muscle. smooth layer surrounding the endothelium of 
fishes very little contractile (GabeUat 1983). is 
possibly due to differences systemic pressures between fish and other 
a single circuit system with relatively low 
within vessels (Satchell, 1971). 
diameter of the of arterioles is controlled by three mechanisms; 
catecholamines by the endothelia.l cells; circularly oriented smooth 
of the tunica media; and longitudinally arranged microfilaments 
the endothelial (Davison, 1987). control nervous system is 
also as substances present locally appear be 
to control vasodilatory response (Davison, 1987). 
Pinocytotic In and were 
providing a means metabolite lu.n .. ..,.~I''V.... is also 
thought to characteristic numerous caveolae Uln,,,," not 
In wans of blood but also all along 
fact that venules were much larger than arterioles and capillaries 
probably accounts for the that blood returning to the heart is 
not under tight as in arterioles. 
Nerves were often seen in the extracellular 
nerve endplates were found "~""'A."''' 
markedly elongated parallel with the 
The high frequency with 
pre-synaptic element 
of muscle fibre. 
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The vast fields of collagen observed f.he seahorse musculature 
increased and to the myotome. are 
also important in the mechanical transmission the forces generated by 
of the cells, as individual cells do not usually from 
one end of a to another. 
The extensive area occupied by the connective tissue is undoubtedly a 
consequence of unique In a typical fish employing 
carangifonn locomotion, the power for contraction is provided by the 
myotomal muscles space could occupied 
myofibrils is not compromised by· collagen to the extent seen in the seahorse. 
since function of the seahorse myotome is not of locomotion but 
maintaining a bold on tbe substrate, it is advantageous that a proportionally 
greater area is occupied by collagen. Associated with these fields of connective 
were numerous fibroblasts, the cells responsible the of 
collagen. 
Alternative functions muscle types 
The li~rature published to date this ....... ~L .. U,L3 has provided a wealth of 
evidence implicating the fast and slow muscle fibre in differentiated roles-
burst and sustained speed swimming respectively. In recent 
years however, considerable to the contrary has a certain vA""""''' 
eroded exclusive status of these .~~_."'. 
Ur\{TT<>nnl.r' methods of rCC;Dfo:rn the functional activity skeletal 
musculature demonstrate that red muscle is active primarily at low and 
moderate whereas the white muscles are involved intensively at 
high speeds; less at moderate and slightly at slow speeds (Davison, 
1987). generalisation is broadly true. However JohnstoDJ (1981b) warns that 
there is not necessarily a simple of labour 
may not simply be for burst activity . .t:U:)tOCDt~mllcal eVlOe]lCe for 
for a 
Goldspink (1973: Pollachius virens); el 
and et ai., (1978). 
According to Smit et ai., (1971), and Goldspink, (1973a.b) and 
Greer and Pull (1973); a proportion of the muscle 
functions at cruising speeds some Multiply innervated white fibres 
of some teleosts such as carp (Cyprinius carpo) mackerel (Scomberi japonicils) 
and brook trout (Salvelinus fontinalis) display at 
"'1-''''''' .... " including low~sustainable through burst and 
Pull, 1973; Hudson, 1973; et ai., 1978; Roberts and Graham, 1979; 
Johnston Moon, 1980a;b). Baikal grayling Thymallus 
the red white muscles were observed to participate the act 
133 
of swimming throughout range swimming speeds investigated, although 
the dynamics of two muscle types were found to typically rI.fOFAr,.,. ... f 
Matyukhin. 1982). 
Bone et ai. (1978) that the carp displayed low-level electrical activity 
in its white at even the slowest swimming speeds at the fish could 
persuaded to move. At higher speeds, of potentials of the usual 
were observed. reasqns this are not yet fully understood (Bone, 
1982) but seem to be related to the unusual innelVation patterns fast 
fibres 
Additionally, Weatherly et at. (1972) have proposed a considerably greater 
functional involvement of white (mosaic) muscle of rainbow trout at slower 
swimming speeds has frequently been considered possible. 
In certain active pelagic species, a proportion of white muscle has also 
been implicated high speed In these the white muscle uses 
both lipids and 
suggested that both the 
have a significant capacity (Guppy, 
Hochacbka, 1979). Mosse (1979) 
displays positive staining for as as 
"'",,_ ........ ,..., of vascularisation and relatively abundant mitochondria. 
These suggest functional and structural adaption for 
aerobic activity. Furthermore, tuna Euthynnus pelamis has higher glycogen 
stores white fibres (Guppy et al., 1979); a reversal of typical vertebrate 
pattern (Johnston, 1980b) . 
. Bilinski (1963) found that the ability red in the same to 
oxidise fatty was much greater than in muscle. A good correlation 
between muscle buffering and activity is commonly in 
fish. 
Evidence of variation also provides information. eel Anguilla 
anguilla displays activities of tricarboxylic and certain enzymes of 
hexose monophospbate shunt in white muscle during spawning 
migration (Bostrom and Johanssen, 1982). 
not known how white fibres, which are designed anaerobic 
operation, can be used during, sustained swimming, as an oxygen debt is not 
accumulated by these during of sustained cruising (Love. 1970). 
Another possibility that white muscle is for long 
periods without tiring by a .u"" ... ,uu..u~..,.u 
motor units to these fibres. 
involving a rotation in the firing of the 
to Gill et (1982), IS no 
are involved in burst swimming. However, Johnston 
reported the Crhunnus thynnus) 
sustained swimming. 
has a relatively 
as as 50 cent of 
that red 
Tota (1974) 
","PTnr¥'f'l1 was 
activity the slow-contracting muscle of the Trigla lucema pales 
in comparision at only 23 cent of tbat of white 
This result is typical of fish with dynamic lifestyles. According to Mosse 
(1979), the white muscle demersal species gave no histological of aerobic 
capabilities and lacked mitochondria, reflecting capacity for exclusively 
transient locomotion. 
in metabolic and contractile profiles of different fibre types may 
be related patterns of innervation. 
The fact that red muscle have not to date 
but a sustained role (Gill et al., 1991), is 
invariably multiply innervated, and have not 
potentials (Johnston, 1981, 1983). 
implicated in 
by the fact that are 
shown exhibit .......... Vll 
contrast, fast (white) fibres teleosts may be either multiply or 
terminally innervated} and are unusual in having polyneural 
innervation (Bone, 1989; J ohnston,.1981). Isolated fast fibres of this type require 
much higher stimulation frequencies (200-300 Hz) to elicit maximum .. '-' ... ",. ..... u 
than fibres with endplates (15-20 Full the fast muscles 
probably requires simultaneous activity of a number polyneurally innervated 
fast muscles; a which enables them to recruited at a range of 
swimming speeds fibres with single endplates (Johnston, 1981). 
Depending on innervation pattern, a electromyographic and 
possibly electrophysiological properties of white muscle be observed. Teleost 
families can not nCloossar 
display 
inneroation in 
patterns innervation rAj-li"""'f' 
terms 
In terminally innervated white muscle of 
fibre innervation; 
of 
such 
dogfish Scyliorhinus canicuia, there is a sharp division of labour between the 
and white muscle, However, it appears that the terminally innervated white 
muscle of teleosts displays a of function depending on fish 
Varying of and anaerobic capacities fast fibres 
have reported according to (Guppy and Hochachka, 1978; 
Johnston Moon, 1980b. 1981). In teleosts, fast fibres are multiply 
innervated and may relatively more mitochondria than apparently 
entirely anaerobic fast in those groups where are terminally 
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innervated. Johnston (1983) observed that the mitochondrial volume and 
capillary density of white muscle innervated multiple pattern is up to 
ten times than terminally white LU .... '''''''' .. ''. 
This observation is supported by Rasa (1991), who suggested that muscle 
innervation patterns two closely related catfish differing lifestyles could 
correlated with different aerobic capabilities. Raso found that the multiply 
innervated white muscle an catfish (Ictalurus punctatus) had a 
aerobic capacity than the terminally innervated 
counterpart. 
fibres of a active 
whether fibres are multiply or terminally innervated is not 
necessarily an indicator of their function. The b1uefish (Romatomus sallatrix) and 
striped bass (Morone saxatilis) have multiply innervated white fibres which 
function much same way as terminally white of the 
dogfish and herring (Freedman, 1979). 
Red fibres are invariably multiply innervated, which perhaps explains their 
limited versatility in locomotion. However, they have 
function of a completely different direction, one that is not 
at all .. 
implicated in a 
to locomotion 
In the course of study, workers noticed that the B group vitamin 
concentrations in superficial red muscle, which markedly the white, 
a to of liver of same It was 
that structures in fact have a parallel function (Braekkan. 
1956; Mori, Hashimoto and Komata, 1956). 
Braekkan (1956) argued high lipid content location of 
superficial red muscle it unsuitable for serious muscular work. although 
the use of a ceU with a deal of contractile material processing 
metabolites wasteful. While Zama (1963) considered the mechanical 
practicality of the red muscle to significant, did on the 
of the muscle pelagic species, which composition of 
conjugated lipid the distribution cholesterol was found be similar to 
that of the liver. 
The studies of Wittenberger and Oros (1961) concluded that a positive 
correlation could be observed not only between liver and red muscle lipid and 
cholesterol compositions, but also between the percentage development of red 
the liver. work 'that generally, pelagic fish 
which have lots of dark muscle have a liver much reduced in size relative to 
of a living on the sea bed. 
While relationships an theory. (1963) pointed 
out that mere similarity does not necessarily constitute functional 
.. TTTl.n ...... Boddecke et al. (1959) 
thesis, arguing that the red in the pectorals 
to seen in the superficial lateral line band, 
also characterised by composition 
results do not 
answer may be, can be no doubt that 
for metabolic 
The red muscle·1iver theory works OD 
swimmers waS identical 
locomotory muscles are 
liver. these 
whatever the correct 
red remove 
accumulated lactic acid (in a high molecule) the 
fibres. may then to 'I""'(·t"t".cn glycogen depots resynthesise 
glucose, which is subsequently 
skeletal muscles. 
Short~term use of the 
......... «0 ..... ·'" into the blood for uptake by other 
pathways encountered in red muscle fibres are 
most sujtable as time enables the dissipation of lactate; otherwise it must be 
depleted metabolically converted back to pyruvic acid then either oxidised 
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in the Krebs cycle or reconverted to carbohydrate (glucose or glycogen) 
(Hill and Wyse, 1989). Both metabolic pathways require oxygen which 
substantial amounts in and is a consequence the superior 
vascularisation. The generous flow of blood also enables rapid clearance the 
lactate metabolites from the system. 
close proximity the red to the white muscle been cited as an 
advantage for the transfer metabolites, exchange of"catabolites 
for fuel (Wittenberger 1972, 1973; Wittenberger et at., 1975). Studies 
demonstrating that lactate accumulated in the red of a fish after it 
(indicating that it had been up from the white) support this 
theory (Wittenberger et ai., 1975). However, according to Vyazovoy et al. 1982, 
it is more likely that lactate accumulation in red muscle a result of increased 
blood flow through during metabolic 
exchange would probably need to involve direct vascular connections 
the two types, which has not yet to 
Mitochondrial to play a in 
metabolite transferral. Quaglia (1986) was 
composed 80% peripheral 
contraction ....... " ...... " ... (Muller, 1976)j might oxidising 
lactate produced from the white fibres when working in anaerobiosis (Braekkan, 
1956). Witten berger et ai. (1975) suggested that mitochondria 
aid in exchange possibly by means of caveolae. 
Comparisions have been drawn not only to liver, but to the heart 
is a resemblance betvveen the lactic dehydrogenase from red muscle and 
that of the when are (Matsuura, 1967). 
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possible 
pink oxidative fibres the may play a role lactate 
dissipation f!om the pink intermediate fibres. the dorsal myotomaI white 
muscle is separated from the pink fibres a thin band of connective 
tissue, it unlikely that white fibres are involved. 
Although the oxidative pink fibres are not strictly 'red', they display many 
characteristic of this muscle. (Also, 
applied to oxidative muscle in general), Not only 
term has often 
the pink oxidative fibres 
for ., .... ""-'Lil VJ;:.";;.u"""' ..... lipid and glycogen, but they are well 
vascularised and possess a high peripheral mitochondrial density, an important 
consideration in active transfer of metaboIi tes. these peripheral 
mitochondria do not appear to be affiliated the material The 
myofibrils themselves are surrounded by other, centrally located mitochondria 
which may be providing 
material not closely associated 
of cytoplasm. These ,"<:II1"Tn1"<: 
from a 
The capillaries of the pink were 
to cell edge, tucked into endothelial pockets. 
the contractile 
a vvide 
close proximity 
vessels are 
working to take up lactate from oxidative fibres (which had been dissipated 
the glycolytic muscle). then positioning would be 
Whether or not tbe occurring metabolic activities include of 
lactate from glycolytic pink fibres to the cells and to blood 
remains to be seen. The that fin of may well be 
producing amounts of lactate time to time indicates a lactate 
removal mechanism would not be redundant. 
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fibre 
Pink fibres have been suggested to be a developmental stage white 
(Bone, 1966; Mosse Hudson, 1977). 
In the myotomes of zebra fish Brachydanio rerio, 
", 
thought be derived from white due to their pattern 
pink fibres are 
posthatching 
development (van Raamsdonk et at., 1982). This concept has recieved support 
from immunohistological studies of myosin composition. which have 
demonstrated pink muscle to act like white muscle in with 
antisera against white ll.1 V'U""'ll (Mascarello et 1986). 
Mascareno et ai. (1986) also found that a few fibres in region the 
lateral region of the guppy and rock goby reacted both and 
anti-slow sera. et al (1975) 
new of some 
layer of pink muscle 
pink type. However, muscle with these qualities are rare in teleosts 
(Mascarello et aI., 1986). 
If pink fibres are a developmental white this would 
be consistent the commonly observed pattern transition between teleost 
pink and white muscle. These results should, however, be treated with caution 
as the patterns may actually artifactuaI. Johnston et al.. (1977) 
showed that seasonal changes muscle fibre type zoning and composition 
patterns can occur; he observed that generally. the division of muscle into zones 
was never as pronounced as the summer, nor was the intensity of the ",,,,,,,u..to:> 
ever as strong. Despite issue, the that transition zones of various types 
exist is in question. 
Most display an 
reflecting a simple .... "'L."''-' pattern of 
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between and pink 
distribution (Bone, 1989). others 
as the mullet (Mascarello et· 1986), a substantial superficial 
intermediate 'zone composed of a mosaic of red and pink fibres is observed. 
The most commonly I'on':l"n[Jpn transition pattern in teleostwhite-pinkmusde 
lS that of a gradual conversion, the latter becoming progressively larger 
approaching the white muscle acquiring their characteristic mA TPase 
activity (Mascareno et at., 1986; and Veggetti. 1981). the perch 
fluviatilis. a pink-white transition zone was observed in which broad fibres were 
surrounded by narrower ones with higher activity of certain enzymes (Akster, 
1985). The lateral line ofthe trOll t displays a few in the pink muscle which 
show a more stable acid- and alkali-stable mATPase activity, which have also 
described as a zone .u.HL .• V.Ul (Mascarello, 1986; et ai., 1975b) . 
In transition zone myosin has been 
shown to are 
. 
own right with a ..... u· ..... u. two myosin 
1982). This theory supports results obtained by Mascarello et al. (1986). 
(1983) surveyed the the mosaic muscle Cyprinius carpio and 
suggested that gradual transition between small and large pink and the 
occurrence of stadia intermedia between myosatellite cells small muscle 
fibres implies that the small fibres are a growth stage. fact that the number 
fibres was seen to increase in number in 
nerve terminations was m sman fibres 
Egginton and Johnston (1982b) also the 
the as 
fish, that density of 
suggests this possibility. 
fractional volume of nuclei 
salmonids, the mosaic white muscle, so called because it was thought 
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colour lipid to with fibres, (on the 
content) Boddecke et at., 1959) was later shown to be 
the red' and superficial red fibre 
the same population, 
were found to differ in 
terms of oxidative metabolism, myofibrillar ATP-ase activities, and 
electrophysiological properties (Hudson, 1973; Johnston et al., 1975; Johnston 
Moon, 1980). These came to conclusion the small 
fibres actually represented the. growth stages of the same white 
population. 
Growth, involving an increase both size and number of celis has been 
observed many fish. It has been demonstrated in cod (Greer Walker, 1970) 
(Willemse van den 1978) Veggetti, 1981) 
and salmonids (Davison and GoIdspin14 1977; WeatherIey et al., 1979, 1980; 
Weatherley Gill) 1981). Carpene and Veggetti (1981) proposed that 
white fibres increased number by 
existiIlg population1 which could 
various histochemicalleCllllllq 
addition of new, 
(1982) 
mosaic pattern even though 
rapid growth. 
study .... UJLu ... , ... were collected 
Nag Nursall (1972) Kryvi et 
from myosatellite cells. The presence 
fibres to 
stalLllUlg for 
periods 
muscle fibres 
of transition 
Cyprinius 
being a growth 
between myosatellite cells and sman muscle fibres in 
(Akster, 1983) strongly supports theory of the 
Although evidence accumulating to show new fibres are derived from 
the differentiation satellite cells (Weatherley et ai., 1979, 1980; Carpene 
\1eggetti, 1981). a hypothesis suggested that new fibres originate from 
division (van Raamsdonk et al., 1982). In mammalian muscles, increases in 
cell numbers are due to splitting 
1968; 1980). The number of 
birth (Goldspink, 1982). Any 
grossly overloading the muscle. 
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existing (Rowe and Goldspink, 
fibres is 
is muscle cell numbers is produced by 
increases in cen numbers is due to of cells, then 
growth fibres in possessing this feature must be rapid. the present 
cells were not at the microscope level, indicating 
that growth occurs by hypertrophy of fibre This suggestion is 
supported by the obselVed increase in cell diameters in aU fibre 
lack of a zone between white and the pink 
myotome of the dorsal fin provides evidence that the 
derived the 
Also. the 
in the 
fibres are not 
The origin of the small diameter fibres has not been approached in great 
as these have very (Davison, 1993 
pers. However, small diameter 
growth stage of red 
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Proportions types 
The proportions of each fibre type the are among 
teleosts. Greer-Walker and Pull (1975) showed that percentages of red muscle 
In myotomes from 0% (in five families) 26% 
Scombridae. proportion of oxidative muscle (especiaHy red) to be 
in such as which IS an 
while fish that rely on other modes of locomotion show a reduction 
myotomal oxidative (Greer-Walker Pull. 1975; and 
Hudson, 1977). 
those teleosts which use fins for locomotion, the oxidative muscle 
is usually developed, while the myotomal ......... ,"''''1'"'f"1I''"'' may reduced 
(Davison and Macdonald. Kilarski et 
1985). some " .... "" ..... uu"' .... u as 
swuns well 
altogether (Davison, te et 
1983). The myotome of this fish contains essentially only ODe muscle 
(white). high although fin muscles a 
typical array of peripheral red, intermediate pink and deep 
1987). muscle in myotome is thought to be vestigial. 
Although oxidative has not been burst swimming, the 
presence of muscle the myotome of a fish which does not use tail 
for slow speed is not (Kryvi Totland, 1978; Starling, 1989). 
WaIesby and Johnston (1980) have an Antarctic fish III 
a labriform manner while posssessing a substantial amont red muscle. 
that this must still posssess the ability to swim slowly using 
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lateral 
other fish the labriform spotty Pseudolflbrus ..... C. ......... Vi' ...... 
myotomal oxidative musculature are reduced but not ""', .... J<UjlJ .... 
myotome is still burst swimming (ThIIoch; 1990). 
proportion oxidative Jll dorsal of the 
levels 
the 
was larger than many of the myotomal values presented by Mosse and Hudsons' 
survey (1977), studies have concentrated on fin 
proportions). The proportions dorsal oxidative musculature are 
paraIIeIled by the lack of it in the myotome. indicating that a substantial shift in 
locomotory emphasis from myotome to dorsal has occurred. 
proportion of pink oxidative the locomotory musculature is probably a 
consequence of the high of undulation the 
fin requiring large numbers of slightly glycolytic the that 
fibres are U'~~v' 
oxidative muscle 
myotome. 
(which usually constitute measurements of 
and lack 
The proportions of were seen to change with 
mcrelllSlllU! fish length. Although Hudson (1973) found a correlation 
between size proportion oxidative muscle; in this study; a positive 
correlation was seen in the dorsal oxidative fibres. However, a negative 
'"' .... ,~.v'.u was observed between and myotomal tonic musculature. 
actual amount oxidative muscle present been shown to increase 
when fish are acclimated to lower temperatures (Malessa, Anguilla 
anguillfl;) Wodtke, 1974), and in carp Carassius auratus (Johnston. 1976). 
Differences in amounts of dark have been reported from different 
in individual Greer Walker (1970) observed a slight increase in 
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fibre diameters of Gadus morhua 
and Frontier-Abou (1969: Caranx "l:"'Lf{'/"'~. 
increasingly near the tail, 
sexfasciatus and stellatus) found 
that while the proximate composition white muscle essentially the same 
from one of the animal tbe dark muscle contains more lipid 
in the anterior part the fish and conversely more water protein in the 
posterior During in whicb fish is able to replenish fatty 
stores} it is the anterior dark m.uscle that accumulates most the lipids. 
The white fibres in dorsal of seahorse were observed to 
decrease in proportion with increasing fish length, as the proportion of oxidative 
musculature This it oxidative which 
is primarily involved in locomotion, while the white fibres are very 
rarely. The degeneration of dorsal glycolytic 'fast' musculature favour of 
an increase in oxidative locomotory musculature supports earlier visual 
observations is mc:avaOlte of 
"'1-'''"',''' ...... The dorsal 
possibility that these are not locomotion. 
In of fact oxidative "-" ..... ., ....... , .... "" ... those of the 
glycolytic in the dorsal fin; white made up the bulk 
seahorse myotome. In this part of tbe white fibres are also suggested 
to be recruited rarely; possibly for lashing movements elicited when the animal 
IS by an These may be to grip 
hold during such adverse circumstances, if the tonic fibres cannot maintain 
Another possible role of the fibres could be to mediate rudder-like 
movements occasionally """""'M/,,11 
This pattern of occasional recruitment large masses glycolytic 
is commonly observed in teleost fish. In terrestrial animals as we have seen, 
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th ere is a COlnSloelra ...... " .... '" round a large mass lS 
only for however the nature of the al..4~,H1I."lv ..... AV ............ . 
determines that are :pot constrained by this limitation. This 
scope the development of large proportions of muscle. Even SOt the 
it 
of 
on 
usually constitute a small proportion 
they rely on a good supply of oxygen to power 
pathways, whichis limited by the surface area of 
fibres are not constrained in way as they function 
et al., 1978; Johnston et al., 1977; et al., 1982), 
up to 90% of fish muscle, •.• , .... ~" .... ll .... HJ'l<. SD<::.cle)s. giving 
colour culinary importance 
are fact necessary for 
force of contraction IS 
large numbers are 
ad(:iltl'OD. as 
1977). 
of the glycoltic 
to the 
......... 'v"" ... llll<. rapid bursts 
as 
increases its velocity. 
1978). 
Tonic fibres are not thought to playa locomotion, thus they are 
present in small numbers (Davison and MacDonald, 1985j Johnston, 
e! al., 1983; Morgan and 1984). In the myotome of the 
the proportion 
higher proportion 
of 0.5% is observed 
The uniquely high tonic 
fact that the tail of the .,,,allVl 
structure and function. In a 
ranges from 23-30 per cent; a 
a more typical design, in which an 
Koslowska, 1986). 
are undoubtedly a product of the 
u ...... ,u. .... '" alone in terms 
without a tail), tonic 
play a relatively minor 
significantly smaner proportions 
of the seahorse is 
not compromise twitch 
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the myotome; 
the locomotory 
not used in propulsion; 
proportions by ---"-a 
use for it. In comparisioD, there is plenty 
it to maintain on substrate without 
are present in 
proper. However 
?yop,,. ....... '" tonic fibres 
~ua,vo.;;. as there is no 
use for fibres which 
expenditure of large 
amounts of energy. The distal pa~t of the 
tonic musculature than part of the tail, 
proportion of 
is 'V~~'''':I.' as the distal 
of the tail is the most"-,,."L<v.~, being the point of contact with the mooring. 
observation provides evidence for the argument that the tonic fibres 
teleost fish are those of mammals, which have a postural function. 
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Percentages of ceil components 
I .. CO," .... t'\Pt"'l differences in the volume of cell components are not 
(Akster et ai., 1985). 
Quaglia (1980) found that white and red fibres of the grey mullet Mugil 
cepha1us did not vary terms of reticulum T-system. However, 
red were found to be richer in mitochondria than white fibres, a result 
which supports the view that the red white fibre types play different roles 
swimming locomotion. According to Patterson and (1972), most 
teleost muscles show proportional variations not only mitochondrial 
percentages, but in and densities, on 
species and type. According to Johnston (1980b). volume 
by myofihrils in 80-90 cent 
muscles; and from 40-69 
In the seahorse, the 
volume of myofibrils 
myofibril proportions of two pink 
that a proportion of the total 
explained by the 
oxidative fibres is taken 
up mitochondria; whereas the glycolytic rely instead on an energy 
pathway in which larger proportions muscle are preferentially recruited in 
order to maximise power output. 
According to Akster (1985), the difference between the myofibril 
proportions of both types can also interpreted to mean that the 
oxidative fibres can achieve approximately one-third the marimal tension of 
population. 
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mitochondria were found to be higher in dorsal pink 
oxidative muscle than in any other fibre type. Differences in the relative 
volumes of mitochondri.a mayan cases be correlated with the ""h<,,,,",,,,,r1 
histochemical differences in oxidative enzyme activity. reported by Abter 
(1983). 
In the carp Cyprinius carpio (Akster, 1985)$ both red muscle and oxidative 
pink muscle mitochondrial densities were less than oxidative muscle 
mitochondrial densities of the seahorse. The same trend may also observed 
in comparisons to other fish mitochondrial densities Table 4). 
fact that pink oxidative mitochondrial densities were unusually high in 
Hippocampus, even compared to values for fibres, was not expected, as pink 
fibres typically have a mitochondrial content between and white 
fibres (Johnston Goldspink, 1980). However, the larger relative proportions 
of mitochondria observed the pink dorsal fibres undoubtedly serve 
to oxidative capacity of these fibres. 
Walesby Johnston (1980) and Davison and MacDonald (1986) 
oxidative capacity mv,otome of fin 
swimmers is reduced compared to of the fin is 
to extreme in m 
proportions of mitochondria in the locomotory pink muscle waS reflected 
by the complete lack of it in the myotome. 
The intermediate pink fibres had only a slightly superior percentage 
of mitochondria than the white fibres the seahorse dorsal fin; a fact which 
reflects the corresponding energy pathways employed by these fibres. The slight 
difference may be 
locomotion. 
Fish red 
to fact that white fibres are not involved in 
mitochondrial density often exceeds that found in most 
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active mammalian muscles. fractional volume found red of 
is comparable to the volume the muscle 
of mouse (34%) and (37%) (Bossen, Sommer Waugh, 1978). In 
contrast, only (approximately) 0.5-0.8% of white fibre volume is occupied by 
mitochondria, depending on species and position in the I'ntfnt,f"tn1 The numerous 
mitochondria seen in the oxidative muscle fibres the seahorse reflects 
that oxidative phosphorylation and fatty acid are on actively 
citric acid in these structures, and that A TP production is in this 
A large relative mitochondrial volume and glycogen content tends to 
correspond good endurance capabilities (Akster, 1985). This is unlikely 
the seahorse, however, as 
of 
fish is incapable of s'lNimming for sustained periods 
ratio versus cell volume been seen to 
vary between species, even .. ,..,.. ....... sm~clc:!S 
example season 
water temperature (Johnston, 1982). Hypoxia 
of mitochondria within a as it modifies volume density mitochondria 
and capillarisation swimming muscles of (Johnston Bernard, 1982a.b. 
1984). After a period acclimation to hypoxia is an in 
efficiency of oxygen extraction; in some the response is reduced 
spontaneous locomotory activity to the demand for (Lomholt 
and Johansen, 1979; et al., 1983). others such as the crucian carp, 
an in slow muscle mitochondrial density is observed (Johnston 
and Bemard~ 1984). Differences in mitochondrial volume density within species 
are adaptions habitat variations which enable the maintenance sufficient 
oxygen supply to the tissues, reflect each individual species behavioural, 
cardiovascular respiratory adjustments to low partial 
(Johnston and Bernard, 1984). 
These factors may also affect myofibril density and Sanger et ai. 
(1990) recorded that the structure of muscle fibres in roach (Rutilus mtilus) 
chub (Leuciscus cephalus) differed within-species between loca.lities. 
Patterns of innervation have been suggested to influence mitochondrial 
densities, although this relationship may be indirect. Johnston (1983) observed 
that mitochondrial volume and capillary density of muscle 
innervated in multiple IS to ten times than terminally 
innervated white """'U,"VAV. 
Shindo et al. (1986) reported that in all species studied, with the exception 
Tilapia, less mitochondria were seen in white compared to the red, 
although did not quote percentages. pattern 
U'-"CVV'-"'.l1 the pink oxidative white glycolytic fibres of 
significant differences were seen 
or 
mitochondrial and correspondingly 
myotome. These results show 
seahorse are similar this terms contraction 
capabilities, they are highly unlikely to be comparable. 
certainly observed 
seahorse. No 
myofibrii 
and functional 
results are somewhat exceptional, as myofibril volumes in twitch 
muscles are generally lower than those tonic fibres Noemacheilus barbatulus 
(Kilarski and Koslowska, 1986). Kilarski and Koslowska (1986) also note the 
density of mitochondria tonic of Noemacheilus barbatulus 
was nearly 4% ; whereas the seahorse tonic fibre mitochondrial density was 
significantly less, (2.1 ± 0.8: mid tail; 2.0 ± 1.2: distal tail). These differentiated 
patterns are undoubtedly a result of differentiated played the tonic 
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fibres in seahorse in comparison to other fish. 
The of mitochondria m white is 
a consequence of the anaerobic energy pathway employed, and is reflected 
the high of their mA TPases low levels oxidative enzymes. Since 
the power produced by a given amount of muscle depends on the actin-myosin 
interaction, 
volume win 
modifications which will allow more myofilaments 
power output. Correspondingly, white 
a given 
fibres 
have very few mitochondria interrupting the myofilament array, and few muscle 
.... HA~"J"~'" occupying that be filled by ........ ,."..,.J.\v 
Nag (1972) showed that white of Salmo gairdneri contains nearly 
three times as much sarcoplasmic reticulum in relation to myofibrils as the dark 
muscle. In seahorse Hippocampus hudsonius, Bergman (1964) reported a 
'uniquely ratio of sarcoplasm myofibrils of a similar pattern to 
Hippocampus abdominalis. 
sarcoplasmic reticulum with a very large area can be related to 
increased calcium uptake during the contraction of the myofiIaments. rate 
of contraction is ....... 1""'/'1 by lsoe;cuLC calcium binding and transportation 
activity of the membranes the sarcoplasmic reticulum; also surface area 
the relative to sarcoplasmic volume (Nag, 1972). 
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Fibre diameter implications 
The 
reflect the 
types in 
1-1-... ,.. ......... functional 
.... "'.,"'..... fin and ...... u,"''1'" ...... of the .;: ... " lL ..... "". 
they play. n"fp."~·T variations in cell 
diameters aellena on age. sex, 
According to this author. fibre 
season; however, atrophy of cells 
and condition (Chayen et al, (1987). 
remain much same from season to 
to malnutrition probably occurs in some 
fish during to insufficient present to 
the integrity the cell. 
The variation observed dimensions pink oridative IS 
paraHelled their metabolism. Diversity of size on the location of 
fibres, 
enzyme 
fibres 
while those 
to white muscle showing weaker oxidative 
1a:"',,,j;lI. to red fibres positively test 
Therefore, the smaller 
capacity than the larger ones located 
of pink fibres is an important aerobic metabolism as 
oxygen UUJLU""'Vll """""""-llv,",,,, are 
DO:SSII)le explanation 
comes 
and 
experiments on fish exercise (Greer-Walker and Pull, 1973; Davison. 
is not 
vu ... 'QU,.ll .... 1977). influence of on fish muscle diameter 
clear. 1-'V1 .... ,..l""1n1 
increases 
studies 
number and 
endurance 
of the 
_~ __ ,., of trout 
muscle fibres 
(Davison and Goldspink, 1977). Smaller in unexercised fish may be a 
result atrophy due infrequent use (Greer-WaUcer and 1973); or an 
to increase oxidative capacity the cell by the oxygen 
diffusion distance 1981). 
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In the opposite is commonly obsetved. in 
are of inactivity, while after 
prolonged (Houston et al., 1979). similar parallel seen some 
teleosts as the Pseudolabrus ceiidotus, which dorsal oxidative 
were smaller than their myotomaI counterparts (Starling, 1989). trend is 
proposed to occur because dorsal oxidative are constantly recruited; thus 
they are required to a greater aerobic capacity. The of 
oxygen diffusion essential order to maximum exploitation 
of pathways. When use oxidative locomotory is fibres 
tend to be bigger. range in locomotory size seen in the dorsal 
musculature of the probably an adaptive to have a 
'-'U'-.'j,\.,.., of fibres varying and oxidative capacity available for 
recruitment according to requirement Variation in myotoma} white muscle 
fibres is probably a of that are not limited terms 
diffusion? a feature which allows for the development of different 
fibre 
The 
intermediate 
size oxygen 
anaerobic: capacity. 
quite a variable of fibre diameters, they were Df(}bal>lv 
staining 
had 
"",,..."' ... III 
succinic terms of metabolism, as they did not 
dehydrogenase, glycogen or lipid. The fibres is probably less 
likely to be a consequence of sporadic use of functional 
although it is difficult to assess what proportion of locomotory contribution 
fibres represent 
fibres the dorsal of a 29 em seahorse showed an 
trend, III a llJ.ClAJ.J:ll was being at length. 
in fibre diameter to 'tail at a certain at the very large 
fibre of approximately 250 !-Lm. This is 
fast fibres are not generally cited as being 
actually 
by r.V'lT,n-",," 
although 
distances, 
there surely must come a point where they can no longer any bigger. It 
that this point at around fibre of proportion. 
The fact that dorsal fibres are. on average, from a third to half as large 
as the myotomal fast fibres may suggest that fibres are 
recruited for strenuous bursts of I~omotory energy, such as a resort' when 
aerobic and glycolytic pink fibres been exhausted. the fact 
that the total area of the myotome is much reduced in 
comparision to dorsal fin surface area may explain the differentiation. 
tonic fibres the seahorse varied considerablYt the dorsal fin 
and more significantly) the myotome. large ra~ge of teJ(~ost tonic fibres is 
rarely in and Koslowska (1985) the sroaU 
of Noemacheilus barbatulus are 
rangmg 
from ~m ± 6 
differentiated were 
19 cms) to 38 
tonic 
± 9 more 
KilarsId et at., 1985) found that ilie tonic Noemacheflis barbatulus 
a mean diameter of 17.08 ± 0.77. These vall"'''-''' are far than 
for the myotomaI tonic musculature; however these discrepancies can 
be explained by fact that tonic fibres playa significantly different role in the 
myotome of in the aforementioned Apart 
Syngnathidae, no other fish families possess prehensile thus it is logical that 
the pattern of tonic fibre diameters seen the is unique. The variation 
tonic fibre sizes may correspond to varying degrees of grip exerted by the tail~ 
alternatively, it may exist simply because the potential scope for varying 
dimensional size is not by oxygen U.LI.J .... O:>,IU.u distances or functional 
In myotome. 
Many workers have considered range of in teleost white 
muscle to represent different stages in growth rather than distinct fibre types 
(1ohnston et al. 1975; Dahl Paulson, 1978). However this would seem to 
ignore the physiological differences metabolic, contractile and elemental 
profiles. evidence to the contrary is the positive correlation some 
(including the seahorse) of increasing length with fibre diameter, indicating that 
the are growing by fibre hypertrophy rather than by producing new fibres 
from myosatelHte cells. However, Greer-Walker and Pull (1970) have found that 
fibre number does increase throughout life a number of fish~ particularly 
growing species. Cell hypertrophy is more commonly seen 
species (Weatherley and 1981, 1984). that the is a 
slow-growing 
maturity factors 
assumption. 
As no information is available concerning growth and 
is or deny this 
workers have proposed can 
to physical form. Stickland (1975) ~-h""--
smaller fibres. This mayan 
more streamlined fish have 
correlation, as streamlined 
are frequently more active and so have higher levels of metabolism which 
require oxygen diffusion distances for activity. The work of 
Smialowska Kilarski (1981) an inverse relationship between 
metabolic activity and diameters of both red and white however 
Kilarski et al. (1982) could not demonstrate a relationship between the diameter 
muscle streamlinedness, and the of 
metabolism was overriding influence. 
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Summary 
seahorse a unique animal which is adapted to a highly specialised 
mode of life; in terms of morphology, physiology and locomotion. The 
evolu tionary loss of typical piscean streamlined shape, and forfeiture 
speed favour manoeuverability, have doubtless evolved in parallel with 
observed modifications in myotomal structure and function. 
Profiles individual fibre distributions and characteristics are 
reflected by features, in that they are highly unusual in comparision 
to typical fish. 
One "",nil .. ,.. in musculature 
was the complete lack red fibres from both locomotory 
and myotomal 
(Thlioch, 1990); 
archetype (Bone, 1989). 
of the myotomal 
..,.<:Ilt1".U'n of 
two fibre 
to a homologous fish groups (Bone, 1989). implication of 
this theory is were at some present in of 
these strange little The actual mechanism behind loss of red LU"'.""-"' ..... 
from the musculature unknown; however the functional replacement 
of slow fibres by a population tonic muscle in myotome, and by 
fibres the fin, clearly an evolutionary response to 
requirements imposed by a highly specialised mode of life. 
type has a rather constituting 
simply a growth stage of other fibre types (Masse and Hudson, 1977); 
operation fin is eueClcea by four functionally disparate fibre 
the oxidative fibres J pink ................ <.4'.'" fibres, white fibres, and 
tonic 
white and 
the 
The operation of 
fibres. 
myotome, in contrast, is cueCl:eu by just two; 
the presence a large stable 
muscle was According to Walesby and Johnston (1979) and Johnston 
(1985), fibres are not suitable for maintaining sustained swimming. due to 
fast contraction and high rnA TPase activity. However. the 
locomotion is certainly not sustainable, furthermore, operation 
the dorsal probably requires the fibres with a higher speed 
of contraction than that which is characteristic of red muscle. Additionally, the 
movements (which are typical of behaviour). are 
thought to require relatively 
also 
On the 
archetypal slow red 
the red 
have 
u"' .. ' ... u..,.... they were unable to 
to overcome inertia and 
contractHe choice. 
the 
apparatus without generating an OXlifpe:n debt. 
Pink muscle fibres are at locomotory speeds 
to those powered by of (slow) white (fast) 
fibres (Johnston et at., 1977). view of the locomotory profile of the ",,",<AU,,",,", 
these are probably better suited operate the dorsal fin. does 
complicate however. the extent the density and 
vascularisation in the oxidative pink fibres, which implies that the aerobic 
capacity these fibres is comparable to red The that 
mitochondrial numbers these fibres are unusually high the 
appeal of pink lies not in (typically moderate) aerobic capacity, 
this factor has been increased; 
muscle, 
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in the characteristics 
The fact that the generated force of contraction is proportional to the area 
contractile units recruited explains proportion of VAI"''':''''''V 
musculature in the seahorse is comparitively large. The seahorse probably 
employs the oxidative fibres in moving from perch to perch in typical 
unhurried style, using either lip~d or glycogen as an aerobic substrate depending 
on metabolic requirements at the time. 
The of labile fibres is to Pink muscle 
has typically been classed as oxidative (Johnston, 1980; Goldspink, 1983). 
However; while this observation is certainly supported the case the 
rnATPase stable fibre population, the unsubstantial mitochondrial content ofthe 
intermediate pink fibres implies that they are glycolytic. Since were 
present in much smaner numbers than rnA TPase pink fibres, it may 
be unlikely that could produce a significant locomotory contribution, 
glycolytic In to 
propulsion. oe\r}ce is 
small in comparison to 
a population of of these proportions would be The 
intermediate pink fibres the are probably employed at speeds just 
under the threshold for white fibres, having the effect sparing the white fibres 
and avoiding the accumulation of lactate associated with an oxygen 
(10hnston et ai., 1977). 
It is not really possible to hypothesise whether the contraction speeds the 
functionally pink fibre populations are although the fact 
that rnA TPase lability is typically indicative slow-contracting muscle fibres 
could implicate that mATPase stable fibres contract more rapidly (Barany, 
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1967). 
Tulloch (1990) observed the same differentiated of two 
populations fibres Obliquichthys maryannae; and 
intermediate pink fibres this fish were' more similar in terms of ultrastructure 
to the white fibres. However, results "" ..... v .... from ultrastructural analyses 
of the seahorse do not reflect this pattern, which both populations 
fibres were identical to ea.ch but dramatically different in terms of 
myofibrillar ultrastructure to the white fibres. 
pink fibres undoubtedly a greater degree resistance to 
fatigue than 
1981). 
fibres, to their higher mitochondrial content (Johnston, 
recruitment probably enables an increase in power output while 
the white fibres. 
White the dorsal fin were observed to be present two identically 
staining populations. fact that were present in such 
low at 
are most unlikely to playa "'ll').I..I.UJe...aJl.u. ..""""VJI,u.VU'>JJIJI. In contrast, the 
are wen .. nA .... V .... 
of in "" ........ ,,.;,,'Iw an mc:re,lse in frequency 
and beats; alternatively, fibres provide a source of power 
as a last when energy reserves of the pink fibres have been u ..... ~.u"" • .v ..... 
White fibres also been proposed to important fish a 
benthic position, and in overcoming inertial forces and drag during short 
distance movements requiring a large energy (Lindsey, 1978). 
According to Webb (1975); at slow is negligable; 
a small population white could theoretically be sufficient to 
state Davison and (1986) proposed a 
similar for the white fibres in the flexor muscles of the labriform fish, 
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Trematomus bemacii, a benthic Antarctic fish. However, "'''''~'''''-''''' that the 
population of white fibres the power for 
such operations is questionable. Alternatively. the that they are closely 
..... .,"'VV.lUV'.' .... with the small fibres iUlllaC4em: fin 
them in a supportive role. Furthermore, slow Sm~e(ilS which the seahorse 
moves indicates that drag probably never becomes a consideration, despite the 
loss of streamlining. 
During locomotion, fibres of different contractile are probably 
selectively recruited to optimum exploitation available musculature. 
Elevation of the power outPut or amplitude of dorsal fin ·stroke requires the 
recruitment a greater number of regardless 
contraction speed as power output is proportional to 
units recruited (Bone, 1975). 
number of contractile 
Although the of white fibres in myotome of seahorse 
are reduced, 
they con,torm to 
..,...", .... "" swimming (Hudson, 
'pack the myotome, providing a UJC<:L/UJCU 
the myotome, 
are 
against water -an important functional COlnSl,aelratl!On 
carangiform locomotion (Lindsey, 1978). However, in the 
mC~llo'n to 
... , ... "., to push 
neither of 
these considerations are relevant. The fact the myotome not employed in 
locomotion denotes that constituent white fibres certainly play no role in 
propulsion. 
adaption of seahorse myotome to a ..... .u,~.u""u ..... , non-locomotory 
form reduced the ne(;e:s:m.v of large proportions of white fibres. 
reflected the substantially reduced myotomal area of tail; a 
been facilitated by the prehensile development of tail. 
is 
which 
tail is 
narrowest and most at its tip, is the of grip. 
Although the myotome is used as a balancing device which to 
the centre of gravity as it hovers, it is not observed to be employed very 
often. seahorse is rarely observed to hover or about, except when 
moving perch to perch, preferring to attach to the seaweed or 
substrate on which it browsing; the tail functions as other than an 
anchoring device. 
White are unlikely to playa role the postural functions bending 
tail, or locking it a grip a without the 
expenditure of uneconomically high expenditure energy. During nonnal 
periods attachment, myotome was observed to fatigue in way. This 
fact in itself rules out possibility of the white fibres playing a role 
function. 
In contrast, the metabolic and structural profiles tonic are ideal 
this purpose. At ultrastructural level, diameter fibres have been 
to have a poorly developed reticulum 
mitochondria (Kilarski and Koslowska, (1985), which fails to implicate them 
a sustained or a transient swimming furthermore, their small 
characteristically low which they are JI."""""""" 
denotes that it is unlikely that they could play a locomotory role of 
description at all The fibres the dorsal of the support these 
however, those found in the a rather differentpicture. 
Not only were they characterised by a large, variable dimensional but they 
were observed to have a well-developed sarcoplasmic reticulum, a which 
is associated with fibres. differences in 
characteristics, ultrastructure, and fibre of the tonic fibres in dorsal fin 
the myotome aU the that differentiated roles require different 
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metabolic profiles. 
The of the fibres the myotome seahorse were 
greatly differentiated in comparison to tonic fibres other fishes. This disparity. 
along with unusual of Hippocampus, may be related to the unique 
mode of life of animal. 
results this study to have confirmed that tonic fibres in 
myotome of particular teleost are indeed analogous to postural flbres of 
mammals, as proposed by 10hnston (1985); Davison (1983a,b); and Davison and 
MacDonald (1985). However, a definite gap the regarding the 
electrophysiological and physiological properties of tonic fibres; once these 
have confirmed, then it may possible to confirm or deny the proposed 
roles of the tonic fibres. 
The relationship between th~ body form of the seahorse and locomotion 
is complex. Physical form largely the ability of fish to esc:ane 
and to 
occupied by the "'''''', ... ''' .... '''' 
paired fin propulsion; a IOCOIIIIOt4[)lV 
not to 
complex habitat 
median or 
of prey accurate and complex manoeuvering by a predator. In order 
exploit the characteristics of its structurally complex habitat:, the has 
evolved a manoeuvering superior to most teleost fish. This study 
shown how the seahorse is adapted to its specialised mode life; and that 
the muscle fibre profiles have defined an optimal 
set of characteristics which enable maximal exploitation of this interesting 
creature's of 
Acknowledgments 
I would like to thank my supeIVisor~ Dr. Davison, his advice, 
helpful criticism, and above all, endless patience! 
Jan McKenzie; I only hope that are aware how much your and 
tireless efforts have appreciated. There were lots of when I don't 
think I could have survived the day without you (and never forget that 
roll, 
I would also like to thank Manfred from P AMs for helping me to use, not 
the electron microscope. and for my Also, many 
thanks to WiItiams for churning out the endless photographs. 
and Bisbop, to for spent 
trawling my ",,",ULL\JA It was a pity we were not looking for puffer-fish! 
My thanks to Matt Bloxham showing me round the computer 
network, Jonathon belp producing Andrew 
McMillan for stats, and .. "v...,,,,a helping type references. Also 
many thanks to my fellow Cloacans for humor last year! (No thanks 
to you for feeding my baby seahorses to your flipping leatherjackets). 
I could not have done without support of friends, in particular Jo 
Vucetich, LynIey Cant, Kerry Hutchinson, and Toby Bishop. 
Finally, I would like to this work to my 
In every instance, were there to provide support 
that they too, realise how much efforts during the 
appreciated. 
Barbara and Tom. 
understanding. I hope 
few years been 
166 
Akster, (1981). Ultrastructure of muscle fibres in head and 
of the perch Perea flUVialilis L. A quantitative study. 
111- 1. 
muscles 
Akster, H.A (1983). comparitive study of type characteristics and 
terminal innervation in head and axial muscles the carp (Cyprinius 
L.). A histochemical and electron-microscopical Neth. 1. 
28: 94-110. 
Akster, H.A. (1985). Morphology muscle fibre in the (Cypnnus 
carpio L.) =~~=~= 193-201. 
Akster, 1.W.M. (1978). Muscle fibre types muscles of 
the perch Perea fluviatilis L.. TeIeostei. A histochemical and 
electromyographical study. 94-110. 
Alberts Bray Lewis Raff M., Roberts and Watson J.D. (1983). 
Molecular Biology of the celL Publishers Inc., New York. 
Ayling, and Cox, (1982). Collins Guide to the New 
Collins, Auckland, Zealand. 
Barany, M. (1967). A TIase activity of myosin correlated speed of muscle 
shortening. 197-218. 
167 
Barends, P.G,M. (1979). relation between fibre type composition and 
function the jaw adductor muscle of Perea fluviatilis 
Teleostei histocbemical study. [C] 
147-154. 
Barets, A .. (1961). Contribution a I'etude des systems moteurs et Hrapide" 
du des teleosteens. "-==~="-===::::;.:.:...=~ 
97-187. 
Bergman, R.A. (1964). structure of the dorsal fin musculature 
marine teleosts Hippocampus hudsonius H. zosterae. 
(1974). Biocbemical 
J.R. (Eds). London 
Blake, R.W. (1978). On basistiform locomotion. ~~~~~~~=-
321-350. 
Blake, R.W. (1978). On balistiform locomotion. "-'-'="-'-"=""'-"-=.::;.:......;;::;..:..:.;::.:. 
73-80. 
the 
Blake, R.W. (1980). Undulatory median propulsion of two teleosts with 
different of life. =='--''--'--''=== 19. 
Blake, R.W. (1983). Fish locomotion. Cambridge University Press. Cambridge. 
168 
Boddecke, R., SJipjer A. van der Stelt (1959). Histological 
characteristics of the body musculature in in connection with their 
mode Itle.~~~~~~~~~~~ 576-588. 
Bokdawala. F.D. (1967). A histochemical study fat the red and white fibres 
of fish skeletal muscle, J. Anim. Morph. Physio!. 231-241. 
of myotomal muscle fibre in 
321-349. 
Bone, Q. (1966). On the function of the two 
Elasmobranch fish. ~~!...:......!~~~~~'-"". 
Q. (1978). Locomotor muscle. 
Physiology 361-424. 
w.s. Randall, D.J. (eds) 
Bone~ Q. (1989). Evolutionary patterns of arial muscle systems in some 
and fish. ::..==~== 
Q .• Kiceniuk, J., Jones, 
types fish myotomes 
691-699. 
Bostrom, S.L. and Johansson, R.G. (1972). Enzyme activity patterns in white and 
red muscle of eel (Anguilla anguilla) at different developmental 
Braekkan, O.R. (1956). Function of 
747-748. 
muscle fish. =-==:.=....J~==_l> 
C.M. of 
Breder Edgerton, (1942). ~~~~~;m:!.!~~~~ 56-89. 
N.M., Goldspink, G. Jones, N.V. (1981). Histological 
in the lateral musculature of the O~group roach Rutilis rutilis (L.) from 
habitats. 18: 1 
Carpene, and A. Veggetti (1981). in in the 
muscle (white portion) of Mugilidae Teleostei). r<'VT'\PT",,'n 
191-193. 
Carpene Veggetti A" Mascareno (1982). Histochemical 
In muscles of 
N., Freundlich A., and Squire 
a flatfish 
ultrastructural studies. 
fresh, ... "' ... , ...... u and salt water. 
for 
Dana Ono, R., and . Muscle types and functional 
............ .uu.J." ... '" in feeding 69-87. 
Davison, W. (1983a). The lateral musculature the common bully, 
Gobiomorphus cotidianus, a from New Zealand. "-'--'~= 
Biol. 1. 
170 
Davison, W. (1983b). Changes muscle ceH ultrastructure following m 
Salmo trutta. ~~~= 
Davison, W. (1985). Swimming against' the adaptions three species 
for in the intertidal zone. 
=="-== 
95-102. 
Davison, W. (1987). In, swimming leatherjacket 
. 703-708. Pariker (Pisces: Ba1istidae). ~~~~:...£::.~~!J::!! 
Davison, W. and Goldspink, (1977). The of prolonged exercise on the 
lateral of the trout (Salrna trutta). ~~-'-== 
12. 
Davison, W. and G. (1984). cost of swimming two teleost 
Davison} W. MacDonald, I.A. (1985). histochemical study of the 
swimming musculature of Antarctic fish. 1. ZooL 473-483. 
W. and MacDonald, J.A. (1986). study of the 
brown trout (Sa/rna trutta). ~=-,-=,=70: swimming 
473-483. 
of 
171 
Davison, W., Franklin, (1988). Recovery 
from exhausting exercise an Antarctic fish U. ... f.fLUC;,FL1A.L. borehgrevinki. 
""-=~==~: 167-171. 
Egginton, S. and Johnston, I.A. (1982b). morphometric analysis of regional 
in myotomal ultrastructure the juvenile eel (Anguilla 
anguilla L). =~~:::..;::...== 
Focani, Jacob, M.T., Huriaux, (1981). Electrophoretic comparison of 
the proteins of some (Perea fluviatilis) 
295-306. 
Focant, F., Johnston, I.A. (1976). composition fish 
myofibrils: light chains of myosin. =::...=-=.::==.::.:. 129·133. 
(1988). Fishes New A diver's identification 
guide. Heinemann Reed, Auc1daud, 
Franzini-ArmstroD g. Porter, KR. (1964). :::...::....;;==-=.:;..;;;= 70-107. 
(1983). of buoyancy 
pp 
Publishers, New York. 
Webb, P.W. and Weihs, D.). Praeger 
George, M. (1962). ~~=~= 487-494. 
Gerday, Ch (1982). Soluble 
muscle. ==-..,~="""'--'~=:...;. 96-97. 
Gill H.S.; Weatherley A.H., and Bhesania (1982). Histochemical 
characterisation of myotoma] muscle in the bluntnose minnow 
Pimesphales notalus Rafinesque. . 205-214. 
Gillis, Thomason, D. Lefevre, J.,Kretsinger, R.H. (1982). Parvalbumins and 
muscle relaxation: a computer study. ~==~=:...==--""-"-'=:..::.:. 
377-398. 
Goldspink, G. (1980). the sliding 
seminar 
H.Y. and Trueman, R.). Cambridge University 
(Ed. Elder, 
Cambridge. 
GoJdspink, (1983). AJterations and structure during growth, 
exercise, and changes 
and Geiger S.R.) 
Adrain 
Q"V"",,,""'''' Society, Mi3.lyland. 
Gordon, M.S. (1968) Oxygen consumption of red and white muscles from tuna 
fishes. 159: 87-89. 
Gray, 1. (1968). Animal Locomotion. London: Weidenfeld and Nicolson. 
Greer-Walker, M. (1970). ~~!.2!..:..~~~~~~ 33: 
173 
Greer-Walkert M. and Pull, G.A. (1973). Skeletal muscle function sustained 
speeds coalfish (Gadus virens L.). ~~!'..:.....!~~~ 
~= 44A: 495·501. 
Greer-Walker. M. and pun, G.A. (1975). A survey of and white muscle in 
fish. 295-300. 
Guth, L. and Samaha, (1969). Qualitative differences between actomyosin 
ATPase of and mammalian muscle. 25: 138-
Guth, and Samaha, (1970). for the 
demonstration actinomycin 365-367. 
Guth, and (1972). Erroneous '-''-" .... v ... '" which result 
application of the myofibrillar A TP-ase ll!;:>ICU'-'.U'-'.L!H'-'U.l procedure to 
developing muscle. 465-475. 
Hamoir, G.; Gerardin-Otthiers, N.; V., Vande Walle, P. (1981). 
Sarcoplasmic differentiation of head muscles carp Cyprinius 
(Pisces Cyprinifonnes). . 45-58. 
A. (1970). Vertebrate slow muscle 40-62. 
Hil~ and Wyse, G.A. (1989). Physiology. Row, 
London. 
Hudson, 
Johnston, 
Johnston, 
174 
(1973). On .uv .. nJJLl of the 
swimming sm~eas. =-=~=~ 
(1980a). Contractile properties of fish 
, 323-328. 
(1980b). of fish 
~~!.!::!S!.~~~~:S:,W~~ S.E.B. " ....... , .... 
muscles in "'-'~'JV"''''' at 
muscle fibres. 
=== 
Series 7: 123-148. 
Johnston, (1981). 
=!...=:::.= 48: 71-113. 
and function muscle. In ~='---"=== 
Johnston, I.A. (1983). Dynamic properties of fish muscle. In ~~~~~~~ 
(Ed. Webb, P.W. and Weihs, D. ). Praeger Publishers, New 
(1972). 
of the white and red muscles 
J ohnstoD I.A., Patterson S., Ward Goldspink 
ATPase 
713-
(1974). 
histochemical demonstration of myofibriHar adenosine tripbosphatase 
In Can. J. ZooL 871-877. 
175 
and 
......... uvv of the crucian carp 
recovelY on biochemical changes in 
of the sWIDllTImg 
effects of exercise and 
and liver . 
. 249-260. 
rA. and Goldspink G. (1973b). study of glycogen and lactate in 
myotomaI muscle of the L.) during 
swimming . 17-26. 
Davison, W., (1975). Energy metabolism 
swimming muscles. 203 y 216. 
Johnston, tA., Davison, W., (1977). Energy un ... LaU 
swimming muscles. 147-156. 
tA. and Moon, T.W. (1980a). Exercise 
brook trout Salvelinus 
J ohnstoD, I.A. and ~VA.Y''-'LA. fast 
and slow muscles a (Pollachius 
144: 303-216. 
Johnston, I.A. and MOOD, T.W. (1981). Fine structure of 
multiply muscle fibres in teleost fish. =~=~~= 
93-109. 
176 
KilarsId, W. (1990). Histochemical A ....... J.Vll of myotomaI muscle the 
Rutelis (L). 
w. (1985). Comparison of ultrastructural and 
morphometric analysis of white and red muscle in the 
myotome of teleost fish (Noemacheilus barbatulus L.) """'-~~~~= 
636-648. 
Kronnie te and L, van W.and W. (1983). 
Muscle fibre types the myotome of stickleback, Gasterosteus aculeatus 
. a histochemical, ultrastructural study. ~= 
22: 303-306. 
Kryvi, and Eide, (1977). Morphometric and autoradiographic on 
the fYrn.'nrrn of white axial in shark Etmopterus 
Kryvi, H. and Totland, G.K. (1978). types in locomotory of the 
cartilaginous fish Chimaera montrosa. 257-265. 
Lehninger, A.L (1982). ~~~~ Worth, New York. 
Lindsey, (1978). 
~==t>.I- 1 (Ed. 
New York. 
function and locomotory habits In 
W.S. Randall, D.J.). ppl-100. Academic 
177 
R.M. (1970). The Chemical of London: Academic Press. 
McFarIand,W., Pough, T, J, (1985), 
MacMillan Publishing Company, New York. 
MagnussOt;l, J.J. (1978), Locomotion by scombroid fishes. 1 
(Ed. Hoar, W,S. and Randall, D,J.). pp240-313. Academic Press. 
Mascareno F., Romanello M.G, and Scapolo P.A. (1986). Histochemical and 
immunochemical profile pink muscle in some teleosts. 
~~~~84: 
Matsuura, J., and Hashimoto, K. (1967). Bull. ~=.:...:::<.;=.:..=~= 308-312. 
Morgan, D.L. and Proske U. (1984). slow muscle: its 
of innervation, mechanical 103-
169. 
Mosse, and R.CL. (1975). capillaries 
somatic musculature of two vertebrate types with particular reference to 
teleost fish. 281-303. 
Mosse, P.R.L. Hudson, R.C.L. (1977). functional of 
fibre types identified in the myotomes of marine a behavioural, 
anatomical and histochemical study. J. Fish BioI. 11:417-430. 
Mosse, P.R.L. (1979). Capillary distribution and metabolic histochemistry the 
propulsive of fish. ==--">-=:.:...== 
141-160. 
Nachlas, M.M., Kwan-ChungTsou, de u'-"~,"-"". Chao-Shing, C. and Seligman, 
A.M. (1957). Cytological demonstration dehydrogenase by the 
use of a new p-nittophenyl substituted ditetrazole. 
420-436. 
Nag. (1972). Ultrastructure and adenosine triphosphate activity of red 
Nag, 
Ogata, 
muscle fibres the of a fish Salmo gairdnen "-'---"= 
Bioi 442-57. 
and Nursall, (1972). Histogenesis of white red muscle 
of Sa/rno gairdneri. 1::ltQ!'!~~ 
(1958a), A llA"'i."""'Ul<.;iAUA'-'OJl white fibres. 
Part 1. Activity • .iU .. ,QVJ,,,, fibres. ~~== 
T. (1958b). histochemical study of the red and muscle fibres. 
Activity of the cytocbrome oxidase in muscle fibres. "-=="-~= 
216-227. 
Ogata, T. Mori, M. (1964). Histochemical study oxidative enzymes 
~~~~~~ 12: 171-182. 
S., Johnston, LA., Goldspink, (1975). A histochemical study of 
muscles of five species. 1: 159-166. 
A.G.E. (1972). Histochemistry. and 2nd edition. 
Churchill. London. 
R.K., and Goldspink, G. (1980). Temperature adaption of sarcoplasmic 
reticulum of fish 63-68. 
D., and U. (1977). 
slow twitch of rabbit 
light chain of individual 
97-107. 
Raamsdonk, W. van, Kronnie, C.W., van W. (1980). 
muscle fibres immune histochemical and enzymic characterisation 
myotomal muscle teleost Brachydanio rerio 
Raamsdonk, W. van, van 
(1982). type differentiation 
Jager S. 
~~~~~~;..x.2 
Rowlerson Scapulo, P.A., Mascareno F., and Vegetti (1975). 
Comparative study of the 
fish: species 
pink, and white 
present in lateral muscle some 
and their distributions in 
. 601- 640. 
180 
A.M., Z.S, H. (1990). fine 
of roach, Rutilus tutilus (L.), chub, '-'''' ....... .., .... '''''-> cephalus (L.), 
Teleostei: differences and of habitat 
season. 205~313. 
Satchell, (1971). Circulation In fishes. University Press, 
1.JvC'~V.AV A.P. Rowlerson, (1987). lateral muscle in the carp 
(Cyprinus carpio L.); histochemical properties and myosin composition . 
. 384-386. 
Shindo, Takahide, T., Juichiro, J. Matsumoto.(1985). Histological study 
on white 
1377-1399. 
dark muscles various 
Amelink Koutstaal, Vijverberg, J. and Von Vaupel-Klein, 
(1971). Oxygen consumption efficiency 
===~~:.::..:. 39A, 1-28. 
Stanfield, (1972). 
elasmobranch 
186. 
properties white and red muscle 
Scy/iorhinus canicula. ~~~~~~~l.,/.!. 
of 
161-
Starling, (1985). 
Pseudola brus celidotus. 
Canterbury. 
locomotion 
Honours 
locomotory musculature of 
(unpub.), University 
181 
Tatarczuch, L. and Kilarski. W. (1982). Histochemical analysis of muscle 
m myotome of Teleost fishes (Carassius auuratus .IC£U'''''I-V 
143-170. 
Thompson, (1981). 
Reserve. University 
fish of the Cape Rodney to Okakari Point Marine 
Auckland, Leigh. 
Tulloch, S. (1990). An investigation into the locomotory musculature of two 
trypterygid fish. Unpublished honours project, University of 
Vyazovoy, V.V., Matyukin N.A., Neshumova T.V. and V.uV"'~4"".u,n.'V 
Blood circulation in red and muscle 
(1982). 
baikal black 
grayling, articus (Thymallidae), in relation to 
swimming speed. 
Walesby N.J., Nichol C.J.M., Johnston lAo (1982). Metabolic 
differentiation of muscle fibres from a haemoglobinless (Champsocephalus 
gunneri LOnnberg) and a red blooded (Notothenia Fischer) antartic 
. 210-214. 
Walker, M.G. (1970). Growth and development the skeletal muscle fibres 
cod (Gadus morhua). 33: 421~426. 
Wardle, C.S. Videlier, 1.1. (1980). swimming. In ~~:=.....:~== 
seminar seL 5 (Ed, Elder and Trueman E.R.). 
Cambridge University 
182 
Weatberley, and Gill. (1981). Characteristics of the ill\.,,,aJl'" muscle 
growth In trout Gairdeneri Richardson 
electromyograms obtained by telemetry. J. Fish BioI. 13-24. 
Weatherley, A.H. and Gill, H.S. (1987). Biology of Growth. L"]I.'-' ...... ''"'L .. 
London. 
P.W. (1973). of pectoral fin 
697-710. 
,"U",.'VAA in Cymatogaster 
P.W. (1975). Efficency fin m Cymatogaster 
. In ~J:r!JJ:!J.I!8~!LtlW1U1l...Jli!!~ 2 (Ed. T.Y.T., 
C.J. Brennan C.). 573-584. New York. 
Webb, P.W. (1984). Function swimming. =-=.:;...:...:= 251: 
Webb, D. and Weihs, P.W. (1978). Biomechanics. Praeger, York. 
Willemse, and van den (1978). Cahacteristics ofmyotomal muscle 
fibres and possible to growth rate (Anguilla anguilla). 
Teleostei). Aquaculture 251-258. 
Winegrad, S. (1970). The intracellular site of calcium activation activation of 
contraction in muscle. . 77-85. 
Wittenberger, C. (1972). The !!lVCO~~en turnover mackeral 
Wittenberger, (1973). between isolated 
=~~~~==~~ 18: 71-76. 
red 
Wittenberger Coprean, D. and Morar L. (1975). 
U ..... II.CI.LJUIJ'''lll of the lateral muscles 
insulin and adrenalin). I. Compo PhysioL 
on 
and Kilarski, W. (1985). Histochemical of the 
of the teleost (Esox lucius (L.). ~~~~~:!.!.75: 91-
